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CRITICAL  CURRENT  IN  HIGH-FIELD  SUPERCONDUCTORS 


K. TACHIKAWA 

TOKAI  UNIVERSITY,  FACULTY  OF  ENGINEERING 
Hiratsuka,  Kanagawa  259-12,  Japan 


ABSTRACT 

Metallurgical  factors  affecting  the  critical  current  density  of  practical 
ly  important  alloy  and  compound  superconductors  are  summarized.  There  are 
different  kinds  of  effective  pinning  centers  depending  on  both  the  material 
and  the  intensity  of  applied  magnetic  field. 


In  this  paper,  problems  related  to  the  critical  current  density  Jc  in 
different  high-field  superconductors  are  reviewed.  In  Nb-Ti  alloy  wires, 
pinning  centers  introduced  by  a  severe  cold  working  and  a  preciptation 
of  a  -Ti  phase  are  effective  in  a  high  field  region  and  in  a  low  field 
region,  respectivery  [1].  A  proper  combination  of  cold  working  and  precipi 
tation  yields  a  high  Jc  in  Nb-Ti  wires.  In  addition,  pinning  by  the  matrix 
between  superconducting  filaments  is  predominant  in  a  low  field  region  in 
ultra  fine  filamentary  Nb-Ti  wires  developed  for  AC  applications  [2]. 

Meanwhile,  in  compound  superconductors  dislocations  and  precipitations  are 
not  present,  and  the  predominant  pinning  centers  are  grain  boundaries. 

Thus,  the  Jc  of  Nb3Sn  and  other  compound  superconductors  is  strongly  depen¬ 
dent  on  their  grain  size  [3].  A  high  upper  critical  field  Hc2  in  compound 
superconductors  yields  high  Jc  in  high  fields.  The  HC2  enhancement  by  Ti 
doping  to  Nb3Sn  improves  the  Jc  in  high  fields  as  shown  in  Fig.  1  [4]. 

The  V3Ga  also  exhibits  appreciably  better  Jc  in  high  fields  than  pure  Nb3Sn. 
The  insitu  processed  V3Ga  wire  consisted  of  very  fine  superconducting  fila¬ 
ments  shows  an  extremely  high  Jc  may  be  due  to  a  pinning  by  matrix  between 
the  filaments  like  the  ultra  fine  filamentary  Nb-Ti  wire  [5]. 

In  the  compound  with  large  grain  size,  the  Jc  in  low  field  is  reduced,  and 
a  so-called  peak  effect  appears.  In  the  bronze  processed  tape  with  columnar 
grain  structure  grown  perpendicular  to  the  core,  an  anisotropy  in  Jc  with 
respect  to  the  direction  of  applied  field  is  observed  as  shown  in  Fig.  2  [3]. 
When  the  field  is  applied  perpendicular  to  the  columnar  axis  a  peak  effect 
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appears.  The  Jc  in  low  fields  is  closely  related  to  the  grain  structure  of 
compound  ,  whilst  the  Jc  in  fields  higher  than  the  peak  field  does  not  depend 
on  the  grain  strucuture  at  all.  There  seems  to  be  another  more  intrinsic 
pinning  mechanism  in  high  field  region. 

The  fabrication  of  Nb3Al  and  other  supercondutors  with  high-field  perfor¬ 
mance  superior  than  that  of  Nb3Sn  has  been  studied.  The  A15  Nb3(Al,Ge) 
transformed  via  the  supersaturated  bcc  phase  has  a  very  fine  grain  size  and 
shows  a  Jc  of  exceeding  lxi05A/cm2  at  20T  [6].  The  rapid  quenching  from 
high  temperatures  facilitates  the  retention  of  stoichiometric  A15  Nb3Al  phase 
and  yields  a  high  Jc  in  high  fields.  The  Nb3 (Al, Ge)  produced  by  a  continu¬ 
ous  electron  beam  irradiation  process  keeps  an  enough  high  Jc  for  practical 
use  at  30T  as  shown  in  Fig.  1  [6]. 

The  thin  films  of  B1  NbN  prepared  by  a  sputtering  shows  a  Jc  of  106A/cm2 
at  20T  [7].  However,  the  Jc  of  NbN  films  drops  rapidly  with  increasing 
film  thickness  as  shown  in  Fig.  3,  which  is  a  problem  in  NbN  for  high-field 
applications.  The  Jc  of  PbMo6Se  Cheverel  phase  wires  prepared  by  a  powder 
method  has  been  improved  through  a  precise  composition  adjustment  and  a 


Fig.  3  Dependence  of  Jc  of  NbN 
films  on  their  thickness.  Data  are 
summarized  from  different 
references. 
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reduction  of  atrain  effect.  A  Jc  of  ~1  x  104A/cm2  has  been  obtained  at  20T 
[8].  The  enhancement  in  Jc  of  Chevrel  phase  wire  provides  a  bright  prospect 
for  the  improvement  in  Jc  of  high-Tc  oxide  wires. 

A  mechanical  strain  produces  an  appreciable  effect  on  the  Jc  in  high 
fields.  The  improvement  of  HC2  by  a  third  element  addition  such  as  Ti  to 
NbsSn  reduces  the  strain  effect  in  high  fields.  The  Jc’s  of  V3Ga  and  Nb3Al 
show  smaller  strain  effects  than  that  of  Nb3Sn.  The  Jc  of  C15  V2(Hf,Zr)  and 
B1  NbN  are  almost  independent  on  strain. 

The  electromagnetic  stability  of  high-field  superconductors  has  crucial 
importance  for  magnet  applications.  High-Jc  superconducting  tape  like  insitu 
V3Ga  shows  a  pronounced  degradation  in  Jc  when  wound  into  a  coil.  Meanwhile, 
low- Jc  tape  like  diffusion  processed  V3Ga  is  much  stable.  A  peak  effect 
in  Jc  against  magnetic  field  may  cause  the  one  also  against  temperature, 
providing  an  excellent  stability. 

There  seems  to  be  different  kinds  of  effective  pinning  centers  in  metallic 
high-f ield  superconductors  depending  on  the  material  and  the  intensity  of 
applied  magnetic  field.  There  are  still  several  problems  unsolved  for  the 
quantitative  understanding  of  Jc  in  high-field  superconductors. 
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ABSTRACT 

Temperature  and  magnetic  field  dependence  on  the  critical  current  density  Jc  of  polycrys¬ 
talline  high-Tc  oxide  superconductor,  Ba.2YCv.3Oy,  have  been  measured.  At  low  temperature, 
Jc  showed  different  temperature  dependence  between  field  cooling  and  zero-field  cooling,  that 
is,  the  Jc  value  measured  when  the  sample  was  cooled  in  a  fixed  magnetic  field,  was  different 
from  that  measured  when  the  sample  was  cooled  in  zero  magnetic  field  and  then  a  magnetic 
field  was  applied.  This  irreversible  behavior  of  Jc  disappeared  at  reduced  temperature  difference 
1  -  t  proportional  to  H20  ( H  is  magnetic  field).  Moreover  we  have  observed  that  the  slope 
dV/dl  just  above  Jc  began  to  increase  rapidly  with  increasing  temperature  above  70  K.  These 
experimental  results  can  be  attributed  to  the  effects  of  grain  boundaries  or  anisotropy  of  this 
system. 


INTRODUCTION 

The  discovery  of  high  temperature  oxide  superconductors  [1-4]  has  brought  a  great  impact  on 
asic  science  and  technology,  and  has  stimulated  a  remarkably  wide  range  of  research  activity. 
In  regard  to  technological  aspects,  there  is  a  need  to  prepare  specimens  which  have  higher 
critical  current  density,  Jc.  Transport  critical  current  density  of  polycrvstalline  bulk  samples, 
owever,  have  been  much  lower  than  that  of  thin  films  [5]  and  the  magnetization  measurement 
has  indicated  that  Jc  is  very  high  inside  each  grain  [6],  It  is  very  important  to  investigate  the 
Jc  behavior  in  polycrystalline  bulk  samples  and  to  find  out  the  factor  which  determines  Jc. 

High-T^  oxide  superconductors  have  some  different  natures,  compared  with  the  conventional 
superconducting  materials,  such  as  Nb3Sn  and  NbTi,  which  have  been  applied  for  high  current 
conductors.  One  of  the  remarkable  properties  of  high-Tc  oxide  superconductors  is  its  anisotropy. 
Anisotropic  behavior  of  Jc  is  observed  in  good  quality  thin  films  and  the  anisotropy  is  considered 
to  play  an  important  role  for  Jc  [7],  also  for  polycrvstalline  samples. 

Recently,  Yeshurun  and  Malozemoff  [8]  have  proposed  a  thermally  activated  flux-creep  model 
m  the  high-Tc  superconductor  and  Tinkham  [9]  extended  this  model  to  account  for  the  experi¬ 
mentally  measured  width  of  the  resistive  transition  in  a  magnetic  field.  From  this  point  of  view, 
the  flux-creep  in  high-Tc  superconductor  reduces  Jc  and  is  a  severe  problem  for  application. 

In  the  present  work,  we  have  measured  temperature  and  magnetic  field  dependence  of  Jc  of 
polycrvstalline  Ba2YCu3Oy  very  carefully,  and  discussed  the  observed  Jc  behavior  in  correlation 
with  the  anisotropy,  grain  boundaries  and  the  flux  creep  of  this  system. 
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EXPERIMENTAL 

Ba2YCu2Oy  samples  were  prepared  by  sintering  BaCOz,  Y202  and  CuO  mixed  powders  of 
an  appropriate  composition.  Starting  materials  were  mixed  in  alcohol  and  heated  at  930  C  for 
12  h  in  air.  Such  calcining  processes  were  repeated  twice,  and  the  calcined  powder  was  finally 
pressed  and  heated  at  950°C  for  24  h  and  at  500°C  for  24  h  in  oxygen.  Samples  were  in  the  form 
of  a  bar,  2  cm  long,  with  a  cross-sectional  area  of  about  2 mm2.  Critical  current  was  determined 
by  the  1  ^/cm  criterion. 

The  critical  temperature  of  samples  was  determined  by  the  ac  magnetization  measurement, 
which  was  done  in  an  atmosphere  of  helium  and  by  using  an  operating  frequency  of  930  Hz  and 

an  ac  field  of  1  Oe.  _  . 

The  measurement  of  Jc  was  performed  using  a  four-terminal  technique  in  magnetic  fields 
ranging  from  0.05  T  to  1.5  T,  which  is  calibrated  by  an  NMR  measurement.  Temperature 
was  controlled  by  a  closed- cycle  refrigerator  system  capable  of  covering  the  temperature  range 
from  20  K  to  300  K  and  monitored  by  Pt  resistance  thermometer  in  zero  magnetic  field  and 
by  Au/Au-Fe  thermocouple  in  nonzero  magnetic  field.  Samples  were  mounted  on  a  copper 
block  with  Apiezon  grease  for  thermal  contact  and  with  epoxy  plates  for  electrical  insulation. 
Moreover,  the  sample  holder  was  in  an  atmosphere  of  helium  which  made  the  temperature  of 
the  sample  holder  uniform.  Before  making  the  electrical  contacts,  samples  were  mechanically 
polished  and  gold  was  deposited  on  the  contact  area.  After  the  deposition  of  gold,  samples 
were  heated  at  550°C  and  slowly  cooled  in  an  oxygen  flow.  Finally  the  wires  were  attached  on 
gold  electrode  using  silver  paint.  These  processes  are  very  important  in  obtaining  low  resistance 
contacts  to  measure  Jc  [10].  If  electric  contacts  are  not  good,  samples  are  heated  at  the  current 
contacts  and  the  voltage  vs  current  (V-I)  curves  become  quite  different  from  those  measured 
with  a  sample  in  liquid  N2.  In  the  present  work,  we  have  obtained  good  electric  contacts  ( 
<  10-4fl  cm 2  )  and  ensured  that  V-I  curves  were  almost  the  same  as  those  measured  in  liquid 

N2. 

RESULTS  AND  DISCUSSION 

Tvpical  V-I  characteristics  of  the  sample  at  severed  temperatures  are  shown  in  Fig.  1.  Con¬ 
siderably  low  resistance  contact  (  <  10“ cm2  )  enables  us  to  measure  Jc  of  samples  without 
heating  at  the  current  contacts.  Using  only  silver  paint  for  electrical  contacts  or  without  Apiezon 
grease  for  thermal  contact,  the  apparent  resistance  above  Jc  was  quite  larger  than  that  measured 
in  liquid  N2.  Therefore,  the  good  electrical  contacts  are  indispensable  to  the  measurement  of  Jc 


Current  Oensity  (A/ca2)  Temperature  (K) 

Fig.  1  Typical  voltage-current  (V-I)  character- Fig.  2  The  slope,  dV/dl,  just  above  Jc  vs  tem- 
istics  at  several  temperatures.  perature  in  the  fc  case  and  the  zfc  case 
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The  temperature  dependence  of  the  slope,  dV/dl ,  just  above  Jc  was  shown  in  Fig.  2.  It  is 
seen  from  this  figure  that  dV/dl  begins  to  increase  rapidly  with  increasing  temperature  above 
70  K.  Below  70  A',  dV/dl  shows  almost  no  temperature  dependence  in  the  field  cooling  (fc) 
case  and  small  temperature  dependence  in  the  zero  field  cooling  (zfc)  case. 

Figure  3  shows  the  temperature  dependences  of  Jc  when  samples  were  cooled  in  the  magnetic 
field  (fc)  and  Fig.  4  shows  that  when  samples  were  cooled  in  zero  magnetic  fields  and  the  field 
was  applied  at  low  temperature  (  <  30 K  )  (zfc).  The  temperature  dependence  of  Jc  changes 
at  around  70  K.  From  the  magnetization  measurement,  no  anomaly  was  observed  at  about 
70  K  and  sample  inhomogeneity  was  not  the  origin  of  this  phenomenon.  This  phenomenon 
can  be  considered  as  the  the  dimensional  crossover  effects  which  originates  in  anisotropy  of  the 
superconductor  or  the  effects  of  grain  boundaries. 


Temperature  (K)  Temperature  (K) 

Fig-  3  Temperature  dependence  of  Jc  when  the  4  Temperature  dependence  of  Jc  when  the 

magnetic  field  applied  in  normal  states  field  was  applied  after  sample  was  cooled 

in  zero  magnetic  field  (zfc). 

Most  remarkable  thing  is  that  the  difference  of  temperature  dependence  of  Jc  appears  be¬ 
tween  field  cooling  and  zero-field  cooling  less  than  70  K  (see  Fig.  5).  Further,  magnetic  field 
dependence  of  the  reduced  temperature  difference,  1  -i,  when  this  irreversible  behavior  of  Jc  dis¬ 
appears  are  plotted  in  Fig.  6.  It  is  seen  from  this  figure  that  the  reduced  temperature  difference 
when  the  irreversible  behavior  of  Jc  disappears  is  proportional  to  if2/3. 


Temperature  (K)  Fig.  6  Magnetic  field  dependence  of  the  re¬ 

duced  temperature  difference,  1  —  when 
Fig.  5  Temperature  dependence  of  Jc  in  O.66k0e.  the  irreversible  behavior  of  Jc  disappears. 

(Solid  line  represents  the  relation  1  -  t  oc 
H2'3.) 

This  magnetic  field  dependence  of  the  irreversible  behavior  of  Jc  is  similar  to  the  magnetic 
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irreversibilities  [8].  Yeshrun  and  Malozemoff  considered  that  the  supercurrents  which  can  per¬ 
sist  over  the  duration  of  an  experiment  give  an  irreversible  contribution  to  the  magnetization. 
Recently  Matsushita  et  al . [  1 1  ]  explained  a  self-field  of  the  closed  intragrain  currents  as  being 
a  cause  of  history  dependence  of  Jc  in  a  weakly-coupled  high-Tc  superconductor.  If  we  can 
considered  that  the  irreversible  behavior  of  Jc  comes  from  a  self-field  of  the  intragrain  shielding 
currents,  the  correlation  between  the  irreversible  Jc  behavior  and  the  irreversible  magnetization 
is  reasonable  and  our  experimental  results  confirm  the  model  of  Ref.  11. 

At  the  present  stage,  however,  we  can  not  throughly  explain  the  temperature  dependence  of 
Jc  and  further  study  is  necessary  to  clarify  the  mechanism  of  Jc  of  high- Tc  oxide  superconductors. 


CONCLUSION 

In  the  present  work,  we  have  measured  temperature  and  magnetic  field  dependence  of  Jc  of 
polycrystalline  Ba^YCu^Oy  very  carefully  and  observed  that  the  Jc  behavior  changes  at  about 
70 K  and  the  irreversible  behavior  of  Jc  at  low  temperature.  Still  the  mechanism  of  Jc  is  not 
clear,  our  experimental  results  will  become  a  hint  to  clarify  the  mechanism  of  Jc  in  high-Tc  oxide 
superconductors. 


ACKNOWLEDGEMENT 

The  authors  would  like  to  express  their  thanks  to  S.  Maekawa  for  his  encouragement  through¬ 
out  this  research  and  Chichibu  Cement  Ltd.  for  sample  preparation. 


REFFERENCES 

[1]  J.  G.  Bednortz  and  K.  A.  Muller:  Z.  Phys.  B64  (1986)  1S9. 

[2]  K.  Kishio,  K.  Kitazawa,  S.  Kanbe,  I.  Yasuda,  N.  Sugii,  H.  Takagi,  S.  Uchida,  K.  Fueki  and 

S.  Tanaka:  Chem.  Lett.  182  (1987)  429. 

[3]  M.  K.  Wu,  J.  R.  Ashburn,  C.  J.  Torng,  P.  H.  Hor,  R.  L.  Hor,  R.  L.  Meng,  L.  Gao,  Z.  J. 

Huang,  Y.  Q.  Wang  and  C.  W.  Chu:  Phys.  Rev.  Lett.  58  (1987)  908. 

[4]  H.  Maeda,  Y.  Tanaka,  M.  Fukutomi  and  T.  Asano:  Jpn.  J.  Appl.  Phys.  27  (198S)  L209. 

[5]  Y.  Enomoto,  T.  Murakami,  M.  Suzuki  and  K.  Moriwaki:  Jpn.  J.  Appl.  Phys.  26  (1987) 

L1248. 

[6]  H.  Kumakura,  M.  Uehara,  Y.  Yoshida  and  K.  Togano:  Phys.  Lett.  A  124  (19S7)  367. 

[7]  T.  Matsushita,  M.  Iwakuma,  Y.  Sudo,  B.  Ni,  T.  Kisu,  K.  Funaki,  M.  Takeo  and  Iv.  Yamafuji: 

Jpn.  J.  Appl.  Phys.  26  (1987)  L1524. 

[8}  Y.  Yeshurun  and  A.  P.  Malozemoff:  Phys.  Rev.Lett.  60  (1988)  2202. 

[9]  M.  Tinkham:  Phys.  Rev.  Lett.  61  (19S8)  165S. 

[10]  J.  W.  Ekin,  A.  J.  Panson  and  B.  A.  Blankenship:  Appl.  Phys.  Lett.  52  (19SS)  33. 

[11]  T.  Matsushita,  B.  Ni,  K.  Yamafuji,  K.Watanabe,  K.  Noto,  H.  Merita,  H.  Fujimori  and  Y. 
Muto:  to  be  published. 


12 


FLUX  PINNING  MECHANISM  IN  HIGH  T_  OXIDE  SUPERCONDUCTORS 


T.  MATSUSHITA 

KYUSHU  UNIVERSITY,  DEPT.  OF  ELECTRONICS 
6-10-1  Hakozaki,  Higashi-ku,  Fukuoka  812,  JAPAN 


ABSTRACT 

Although  the  critical  current  density  in  sintered  ceramic  superconduc¬ 
tors  is  very  low,  that  in  single  crystalline  thin  films  and  the  local 
critical  current  density  in  materials  prepared  by  the  quench  and  melt 
growth  technique  are  quite  high.  What  kind  of  defective  structure  is  the 
dominant  pinning  centers  contributing  to  the  high  critical  current 
densities?  Contributions  from  various  kinds  of  defects,  i.e.,  twinning 
planes,  grain  boundaries,  point  defects,  normal  precipitates  etc.,  are 
theoretically  estimated.  These  results  are  compared  with  observed  values 
of  the  critical  current  density. 


INTRODUCTION 

Critical  current  density  is  one  of  the  key  factors  for  power 
application  of  superconductors.  At  this  moment,  obtained  critical  current 
density  in  bulk  oxide  superconductors  is  far  below  the  level  of  Nb-Ti  at 
low  temperatures.  However,  this  is  mainly  caused  by  a  weak-link  nature  of 
grain  boundaries  in  this  material  [1]  and  does  not  show  a  poor  potentiality 
of  this  material.  In  fact,  high  critical  current  densities  have  been 
observed  in  single  crystalline  thin  films  [2,3].  It  has  also  been  found 
that  the  current  with  very  high  density  flows  locally  in  materials  prepared 
by  the  quench  and  melt  growth  technique  [4].  The  bulk  critical  current 
density  much  smaller  than  this  is  considered  to  be  caused  by  nonsuper¬ 
conducting  second  phase  layers  that  prevent  the  current  from  flowing 
uniformly.  These  experimental  results  suggest  that  high  critical  current 
density  will  be  obtained  even  in  bulk  materials,  if  the  barriers  such  as 
weak-link  grain  boundaries  and  nonsuperconducting  layers  are  removed. 

In  this  case,  the  interest  will  be  concentrated  on  the  dominant 
pinning  centers  that  cause  high  critical  current  density.  The  pinning 
centers  that  seem  effective  are  twinning  planes  and  point  defects.  In  this 
paper,  contributions  from  these  pinning  centers  to  the  critical  current 
density  are  theoretically  estimated.  Critical  current  characteristics  of 
other  pinning  centers  are  also  investigated. 


THEORETICAL  ESTIMATE  OF  Jc 
(a)  twinning  plane 

Twinning  planes  are  the  defects  observed  commonly  in  123  materials. 

It  was  clarified  by  the  decoration  technique  [5]  that  fluxoids  are 
distributed  so  as  to  fit  the  twinning  planes.  This  experimental  result 
proves  that  these  planar  defects  are  effective  for  flux  pinning.  Since  the 
density  of  these  defects  are  fairly  high,  their  contribution  to  the 
critical  current  density  is  expected  to  be  large.  The  fact  that  the 
intragrain  current  density  is  small  in  Bi-  and  Tl-systems  that  do  not 
contain  twinning  planes  supports  this  hypothesis. 

The  electron  scattering  mechanism  [6],  i.e.,  a  variation  in  the 
coherence  length  due  to  the  electron  scattering  by  the  defects,  works  for 
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flux  pinning  interaction  through  a  variation  of  the  core  energy.  The 
notable  point  for  these  planar  defects  is,  however,  that  these  are 
effective  for  pinning  only  when  fluxoids  parallel  to  them  cross  them  [7J. 
In  this  case,  the  critical  current  density  is  estimated  as  [8] 


r 

)* 


(BB 


c2_L 


K  = 


(1) 

(2) 


where  Bc  is  the  thermodynamic  critical  field,  Bc21  is  the  upper  critical 
field  along  the  c-axis,  d  is  a  mean  spacing  of  the  twinning  planes  and  A£ 
is  aconstant  characterizing  the  pinning  strength  of  planar  defects.  We 
expect  ^0.2  from  experimental  results  on  ordinary  high-field  supercon¬ 
ductors.  Similar  estimation  is  given  also  by  Kes  et  al.  [9]. 

As  for  the  intragrain  critical  current  density  in  polycrystals  with 
random  crystalline  orientation,  the  anisotropies  in  Bc2  and  flux  pinning 

should  be  taken  into  account.  The  current  density  is  derived  after  the 
average  with  respect  to  the  angles  of  the  field  direction  from  the  c-axis 
and  the  twinning  plane  [8], 

(b)  point  defect 

Many  people  have  pointed  out  that  point  defects  are  effective  in  oxide 
superconductors  because  of  their  small  coherence  length.  Although  it  is 
true  that  they  are  effective  in  flux  pinning,  they  are  effective  also  for 
low  K  materials  with  large  coherence  lengths.  Kiipfer  et  al.  [10]  showed 
that  the  intragrain  critical  current  density  increased  by  a  factor  about  10 
due  to  point  defects  nucleated  by  neutron  irradiation.  The  pinning  inter¬ 
action  energy  of  a  point  defect  is  estimated  as  Up  =  (Bc 2/2uq)£w2,  where  w 
is  a  size  of  the  defect  [11].  Hence,  the  elementary  pinning  force  is 
approximately  given  by  fp  -  Up/£  -  (Bc 2/2]Jq)w2.  Since  w  is  usually  very 

small,  their  strength  fp  is  also  small.  Hence,  these  are  effective  when 

their  volume  density  is  so  high  that  these  work  collectively. 

We  treat  the  case  where  the  mean  spacing  of  the  point  defects  dp  is 

much  smaller  than  the  fluxoid  spacing  a^.  Then,  the  number  of  pins  in  a 
coherent  region  of  a  fluxoid  of  a  length  4tt3£  is  approximately  n  — 

4Traf3N  ,  with  Np  denoting  the  concentration  of  the  defects,  l/dp  .  The 
pinning  strength  of  the  defects  in  the  coherent  region  is  of  the  order  of 

/n  f  .  From  a  statistical  summation  [12]  we  have 
P  P 

1 

/Tf  /  N  \2  BB2W2 

tPD  p  PP  /  P  c  .  (3) 

Jc  =  3  4^ap  “\4iaJ/  2y  B  (J) 


at  low  fields,  where  3  is  a  constant  of  the  order  of  0.5. 

(c)  grain  boundary 

Grain  boundaries  are  known  to  cause  a  percolative  characteristic  of 
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the  current  because  of  their  weak-link  nature.  But  this  is  only  for  the 
boundaries  normal  to  the  direction  of  the  transport  current.  The  bounda- 
parallel  both  to  the  fluxoids  and  the  transport  current,  which  are 
perpendicular  to  the  direction  of  the  Lorentz  force,  work  as  pinning 
centers.  Hence,  the  grain  boundaries  are  expected  to  contribute  to  the 
intragrain  current  density.  This  contribution  through  the  electron  scat¬ 
tering  mechanism  is  given  by  eqs.  (1)  and  (2),  where  the  grain  size  is 
substituted  into  d.  There  exists  another  contribution  through  the 
anisotropy  in  Bc2  and  it  is  discussed  in  Ref.  13. 

(d)  normal  precipitate 

Precipitates  of  Y2BaCuO^  phase  are  found  to  distribute  in  specimens 

prepared  by  the  quench  and  melt  growth  technique  [A,  14].  Normal  and 
insulating  precipitates  are  known  as  strong  pinning  centers.  When  their 
size  is  much  larger  than  the  fluxoid  spacing  af,  the  critical  current 

density  due  to  these  precipitates  can  be  estimated  from  .[15] 


P  *Bc« 

Tr - £ —  c 

Jc  "  4u0Baf  V 


(4) 


where  Sv  is  the  effective  surface  area  of  precipitates  in  a  unit  volume  of 
the  superconductor,  i.e.,  Sy  =  NpD2  with  D  denoting  the  size  of 
precipitates. 


(e)  porosity 

Porosities  also  contribute  to  the  flux  pinning  through  the  same 
mechanism  with  insulating  precipitates.  Hence,  eq.  (4)  is  applicable  for 
porosities. 


(f)  thickness  modulation  in  thin  film 

If  the  thickness  of  film  varies  along  the  direction  of  fluxoid  motion, 
the  fluxoid  suffers  a  variation  in  the  energy  when  it  moves.  This  gives 
rise  to  flux  pinning  interaction.  The  critical  current  density  due  to  this 
interaction  is  given  by 


TM  Bc  (  /3tt  \2  6t 

Jc  '  sv  Vec2b;  t  ■ 

where  gt/t  is  a  rate  of  thickness  modulation  and  d  is  a  mean  wave  length  of 
this  modulation.  The  idea  to  use  cracks  in  a  thin  films  as  strong  pinning 
centers  [16]  originates  from  the  same  mechanism. 


DISCUSSION 

Here  we  mainly  discuss  quantitatively  the  critical  current  density  due 
to  twinning  planes  and  point  defects. 

First,  we  discuss  the  flux  pinning  by  twinning  planes.  Most  thin 
films  have  oriented  c-axis  normal  to  the  film  surface.  Hence,  twinning 
planes  probably  pin  the  fluxoids,  when  the  magnetic  field  is  applied 
normal  to  the  film  surface.  The  theoretical  result  from  eqs.  (1)  and  (2) 


15 


gives  the  estimate  comparable  to  experiments  (see  Ref.  8).  Thin  films  of 
Bi-  and  Tl-systems  have  only  small  critical  current  densities  in  this  field 
geometry  [17].  This  will  be  attributed  to  the  absence  of  twinning  planes. 
In  the  field  parallel  to  the  film  surface,  the  surface  pinning  is 
considered  to  work.  The  intragrain  current  density  in  ceramics  can  also  be 
explained  quantitatively  by  the  pinning  due  to  twinning  planes. 

Kiipfer  et  al.  [10]  showed  that  the  intragrain  current  density  is 
increased  up  to  about  3X109  A/m2  at  T  =  77K  and  B  =  2T  by  nucleating  point 
defects  by  neutron  irradiation.  Since  this  value  is  more  than  ten  times  as 
large  as  the  original  intragrain  current  density,  it  can  be  mainly 
attributed  to  the  pinning  by  point  defects.  These  pinning  centers  are 
isotropic  and  we  use  the  mean  coherence  length  C  ^  (C^C^)1^3  =  3.7x10  m. 

If  we  assume  that  w  ^  C/2  and  dp  =  6.3X10  9  m,  the  observed  intragrain 

current  density  can  be  explained  by  eq.  (3).  Since  the  pin  density  assumed 
here  is  quite  high,  it  seems  to  be  reasonable  that  the  degradation  in  Tc 
occurs  for  higher  neutron  fluence.  Hence,  the  above  value  seems  to  be  the 
maximum  of  Jc  by  point  defects. 
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ABSTRACT 

Our  studies  on  the  weak  links  in  high  Tc  superconductors  are  reviewed. 
For  Y-Ba-Cu-0  system  the  V-I  characteristics  up  to  a  high  current  region 
measured  by  using  the  pulsed  currents  and  the  magnetization  properties  are 
shown.  It  is  found  the  type  of  the  weak  links  in  this  system  is  that  of  S- 
N-S  or  S-S'-S  junctions.  For  Bi -Pb-Sr-Ca-Cu-0  system  the  origin  of  the 
weak  links  is  the  superconducting  phase  with  Tc  of  90—1 00K. 


INTRODUCTION 

The  critical  current  densities  for  the  sintered  samples  of  oxide  super¬ 
conductors  are  much  lower  and  have  stronger  field  dependence  than  those 
for  the  single-crystal  like  films  because  of  the  existence  of  the  weak 
links.  The  evidences  of  weak  links  are  reported  by  many  researchers,  for 
example,  the  discrepancy  between  the  transport  and  the  magnetization  Jc  s 
[1],  the  existence  of  a  low  resistive  state  above  the  Ic  [2],  the  direct 
measurements  of  intra-  and  inter-grain  Jc's  [3]  and  so  on. 

In  this  paper  we  review  our  studies  on  the  weak-links  in  high  tempera¬ 
ture  superconductors.  We  have  also  observed  a  low  resistive  state  above 
the  I  so  measured  the  V-I  characteri sti cs  up  to  much  higher  current 
region  and  found  two-step  transition  [4,5].  Furthermore,  we  have  observed 
the  complicated  structure  in  magnetization  curves  at  lower  field  than  100 
Oe  [6].  From  such  measurements  it  can  be  estimated  that  the  weak  links  in 
YBapCuoOy  are  S-N-S  or  S-S'-S  type. 

In  Bi -Pb-Sr-Ca-Cu-0  system  the  temperature  and  the  field  dependence  of 
the  susceptibility  are  measured  [7],  It  is  found  that  the  superconducting 
phase  with  Tc  of  90-100K  should  responsible  for  the  weak  links. 


WEAK  LINKS  IN  YBa2Cu307_y 

Figure  1  shows  the  V-I  characteri stic  at  53K  for  the  YBa2Cu307_y  thin 
film  with  the  Tc  of  60K  prepared  by  sputtering.  Two-step  transition  is 
clearly  seen.  Above  the  critical  current,  I^-j,  the  linear  relation  between 
the  voltage  and  the  current  holds  in  a  wide  range  of  the  current.  The 
resistivity  defined  by  the  slope,  p-j ,  is  lower  than  the  normal  state 
resistivity,  pn.  Above  the  current,  Ic2,  which  is  one  order  higher  than 
I  -|,  the  voltage  is  abruptly  increased  as  increasing  current  and  finally, 
tne  normal  state  appears.  This  behavior  should  be  considered  as  follows: 
Above  the  Ic-|  (Jc-|),  which  is  the  critical  current  (density)  restricted  by 
the  weak-links,  the  superconducting  coupling  among  the  high  Jc  regions 
disappears.  Therefore,  the  weak  link  regions  become  normal  state,  never¬ 
theless,  the  high  Jc  regions  hold  their  superconductivity.  Above  the  Ic2 
(Jc2)  the  transition  to  the  normal  state  begins  in  the  high  Jc  regions. 
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Fig.  1  The  V-I  characteristic  at  53K 
of  the  YBapCu307  thin  film 
with  the  Tc  of  60K  prepared 
by  sputtering. 


Fig. 2  The  temperature  dependence  of 
the  J  -j ,  the  Jc2  ,  and  the  p- | 
for  the  sintered  YBa2Cu307_y 
measured  by  pulsed  currents. 


This  V-I  characteristic  is  measured  in  He  gas  by  using  DC  current  so 
that  the  quantitative  reliability  is  open  to  question  because  of  the  ohmic 
heat  generated  especially,  at  the  current  contacts.  Then  We  have  tried 
such  measurements  in  liquid  N2  by  using  pulsed  current.  The  temperature 
can  be  controlled  by  changing  the  pressure. 

Figure  2  shows  the  temperature  dependence  of  the  J-i*  the  0_p  and  the 
Pi  for  the  sintered  YBapCu^O-^y  with  the  pn  of  about  T.4  mQcm.  Apparently 
the  temperature  dependences  of  the  Jci  is  different  from  that  of  the  Jc2. 
On  the  other  hand  the  resistivity,  p-j,  is  decreased  as  decreasing  tempera¬ 
ture,  which  indicates  the  type  of  weak  links  in  this  sample  is  not  that  of 
S-I-S  junctions  but  maybe  that  of  S-N-S  or  S-S'-S  junctions. 

We  have  found  two  kinds  of  minima  or  maxima  in  the  magnetization  of  the 
sintered  YBaoCuoO-7  v  samples.  At  77K  one  is  at  about  0.005  T  and  the  other 
at  about  0.03  T.  It  was  thought  that  this  was  related  with  the  existence 
of  the  weak  links  in  the  samples,  so  the  transport  current  dependence  of 
the  magnetization  was  measured.  The  bar  shaped  sample  with  the  Ic  of  6  A 
at  77K  is  used  for  the  measurement.  The  DC  transport  current,  If,,  and  the 
field  is  parallel  to  the  direction  of  the  sample  length. 

Figure  3  shows  the  results  of  the  measurements  in  the  field  range  of 
±0.04  T  (a)  and  ±0.15  T  (b).  As  shown  in  Fig.  3(a)  the  hysterisis  of  the 
magnetization  is  decreased  as  increasing  Iy  up  to  the  Ic.  Above  the  Ic  the 
minimum  at  the  low  field  (about  0.005  T)  is  vanished  and  magnetization 
curve  becomes  independent  of  Iy  at  least  . up  to  several  times  of  I c- In 
higher  field  magnetization  as  shown  in  Fig.  3(b)  the  transport  current 
affects  only  field  range  of  about  ±0.06  T  but  the  minimum  at  about  0.03  T 
does  not  change. 

These  results  suggest  that  there  are  two  kinds  of  current  paths  in  this 
sample,  one  is  the  current  which  flows  over  whole  range  of  the  sample  and 
the  other  is  inside  each  high  Jc  regions.  In  fact,  the  critical  current 
density  calculated  from  the  hysterisis  of  the  magnetization,  £Mpi (I j=0A)- 
AMpi ( I y> I c )  has  the  similar  value  to  the  Jc-j.  Furthermore,  the  critical 
current  density  calculated  from  the  hysterisis  at  higher  field  than  0.06  T 
has  the  same  order  as  the  Jc2  if  the  mean  size  of  high  Jc  regions  is 
assumed  to  be  the  same  as  the  mean  grain  size,  which  is  about  10  pm.  , 
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Fig.  3  The  magnetization  curves  at  77K  for  the  sintered  YB^Cu^Oy  in  the 
field  range  of  ±0.04  T  (a)  and  ±0.15  T  (b). 


WEAK  LINKS  IN  Bi-Pb-Sr-Ca-Cu-0  SYSTEM 

In  this  study  we  used  two  sintered  samples.  The  sample  1  has  the 
nominal  composition  of  Bi  yPb  gSrCaCu-igO  and  is  sinterd  at  845  C  for 
240hr  in  air.  The  temperature  dependence  of  the • res i sti vi ty  and  the 
susceptibility  shows  sharp  transition  about  1 1 0 K.  However,  the  X-Ray 
diffraction  analysis  (XD)  reveals  that  the  sample  consists  of  1 1  OK  and  80K 
phases.  The  T  (o=0)  is  107K.  The  Jc  at  77K  is  93  A/cnr  at  zero  field  and 
exponentially  decreased  as  increasing  the  field.  Therefore,  it  was  thought 
that  the  was  also  restricted  by  the  weak  links  in  this  system  like  in 
Y-Ba-Cu-0  system.  So  the  V-I  characteristic  and  the  transport  current 
dependence  of  the  susceptibility  were  measured  as  follows:  The  sample  was 
inserted  into  a  solenoid  coil,  the  DC  current  was  supplied  to  the  sample 
at  77K  and  the  sample  voltage  and  the  inductance  of  the  coil  were 
measured.  The  results  are  shown  in  Fig.  4. 

In  the  V-I  curve  the  linear  relation  is  appeared  in  higher  current 
range  than  6  A.  The  resistivity,  p^,  defined  by  the  slope  is  one  order 
lower  than  the  normal  state  resistivity,  pn(77K),  which  is  obtained  by  the 
linear  extrapolation  of  the  temperature  dependence  of  the  resistivity. 
Meanwhile,  the  inductance  of  the  coil  is  abruptly  increased  near  I.c  and 
satulated  in  the  low  resistive  state.  However,  the  val  ue  is  still  lower 
than  the  inductance  of  the  coil  without  the  sample. 

Figure  5(a)  shows  the  temperature  dependence  of  the  susceptibility 
measured  by  the  same  method  as  in  Fig.  4,  where  the  coil  voltage,  V,  is 
varied  from  0.01  to  5  V.  The  V  of  0.01  V  corresponds  to  the  field  of  about 
0.5  Oe  at  90K.  As  shown  in  this  figure  the  transition  is  sharp  when  the  V 
is  0.01  V.  However,  when  the  V  is  0.1  V  two-step  transition  is  clearly 
seen.  Compared  with  the  transition  by  1 1  OK  phase  the  onset  temperature  is 
decreased  and  the  width  is  abruptly  spread  as  increasing  the  V  in  the 
second  transition. 

Figure  5(b)  shows  the  results  of  the  same  kind  of  measurements  for  the 
pelletized  powder  obtained  by  grinding  the  sample  1.  The  transition  by  80K 
phase,  which  is  not  seen  in  the  sintered  sample  is  clearly  seen  in  this 
figure,  which  coincides  with  the  results  by  XD.  Therefore,  it  can  be  said 
that  80K  phase  exists  covered  with  1 1  OK  phase  in  the  sample  1.  Furthere- 
more,  two-step  transition  as  seen  in  Fig.  5(a)  can  not  seen  in  this 
pelletized  powder.  So  another  superconducting  phase  as  seen  in  Fig.  5(a) 
when  V>0.1V  should  be  responsible  to  the  weak  links  in  this  sample. 
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Fig.  4  The  V-I  and  the  L-I  characte¬ 
ristics  for  the  sample  1  at 
77K. 
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Fig.  5  The  temperature  and  the  field 
dependence  of  the  susceptibi¬ 
lity  for  the  sample  1  (a), 

the  pressed  powder  obtained 
by  grinding  the  sample  1  (b) 
and  the  sample  2  (c). 


The  existence  of  the  superconducting  phase  with  the  T  of  90  to  100K  is 
confirmed  in  many  samples.  For  example,  the  sample  2  has  the  nominal 
composition  of  Bi Pbg  oSrCaCuoO  sintered  at  840°C  for  50hr  in  N2-7.5%0p 
flowing  gas  mixture. ’In  the  XD  pattern  all  the  main  peaks  correspond  to 
those  for  11  OK  phase  and  other  weak  peaks  to  those  for  80K  phase.  However, 
as  shown  in  Fig.  5(c)  the  temperature  dependence  of  the  susceptibility 
reveals  the  existence  of  two  superconducting  phases  with  Tc  of  110  and 
about  TOOK  even  if  the  V  is  0.01V.  The  field  dependence  as  shown  in  Fig. 
5(c)  is  almost  the  same  as  in  Fig.  5(a)  except  V=0.01  V.  This  supercon¬ 
ducting  phase  has  the  same  structure  as  1 1  OK  phase  or  amorphous  like  one. 


CONCLUSIONS 

In  this  study  we  have  found  that  the  weak  links  in  the  YBapCu30y  are 
S-N-S  or  S-S'-S  type  and  those  in  Bi-Pb-Sr-Ca-Cu-0  system  are  the  super¬ 
conducting  phase  with  Tc  of  90-100K.  Further  investigations  are  needed  to 
achieve  higher  Jc  by  removing  such  weak  links. 
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ABSTRACT 


Magnetic  loss  in  the  copper-oxide  based  ceramic  superconductors  was 
studied  by  ac  susceptibility  measurement.  This  method^ is  a  useful  tool 
for  the  characterization  of  the  nature  of  grain  boundaries,  and  thus  can 
be  used  for  the  study  of  critical  current  and  that  of  the  preparation  of 
high-quality  samples.  Two  examples  of  the  study  of  the  ac  magnetic 
susceptibility  are  shown  for  the  preparation  of  high-quality  samples;  one 
is  the  preparation  of  LaBa2CuoO  and  the  other  is  that  of 
(Bi,Pb)2Sr2Ca2Cu20y .  ^  ; 


INTRODUCTION 


Critical  current  density  Jq  is  the  most  important  parameter  for  the 
application  of  superconductors.  Especially,  in  the  case  of 
polycrystalline  samples,  critical  current  is  restricted  by  that  of  weak 
links  between  superconducting  grains  (intergrain  Jq  or  transport  Jq), 
which  is  a  few  orders  of  magnitude  smaller  than  the  so-called  intragrain 
Jq,  which  is  determined  by  the  pinning  force  of  magnetic  flux  in  the  mixed 
state  of  type-II  superconductors.  The  effort  of  the  improvement  of  inter- 
grain  Jq  is  important  not  only  for  the  application  but  also  for  the  basic 
research  with  ceramic  samples,  because  preparation  of  the  high-quality 
samples  is  crucial  for  obtaining  reliable  data  on  physical  and  chemical 
properties. 

It  is  well  known  in  ceramic  superconductors  that  the  real  part  of  ac 
magnetic  susceptibility  around  zero  magnetic  field  strongly  depends  on  the 
amplitude  of  the  alternating  magnetic  field  below  some  temperature  Tq, 
which  is  lower  than  the  superconducting  onset  transition  temperature  Tq. 
And  the  imaginary  part  becomes  large  just  below  Tq.  This  behavior  of  ac 
magnetic  susceptibility  was  well  explained  by  the  weak-link  formation 
model [1].  Thus,  it  is  possible  to  estimate  the  nature  of  grain  boundaries 
in  ceramic  superconductors  by  ac  susceptibility  measurements.  In  this 
paper,  we  will  show  examples  of  the  studies  on  the  preparation  of  high- 
quality  samples  using  ac  magnetic  susceptibilities  performed  on  two 
materials,  and  propose  that  the  complex  susceptibility  measurement  is  a 
useful  tool  for  the  study  of  transport  Jq  in  ceramic  superconductors.  The 
materials  used  in  this  study  are  LaBa2CuoO  ,  which  is  important  from  the 
application  point  of  view  and  (BijPb^S^Ca^CuoO  ,  which  has  importance 
also  from  the  basic  research  of  the  understanding  of  the  mechanism  of 
high-Tc  superconductors. 


EXPERIMENT ALS 
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Sample  were  prepared  by  an  ordinary  solid-state  reaction  method  using 
the  starting  materials  of  oxide,  carbonate,  or  nitrate  powders.  Details 
are  published  in  separate  papers[2,3].  Samples  were  characterized  by 
powder  X-ray  diffraction  technique,  dc  resistivity  measurement,  dc 
susceptibility  measurement  with  SQUID  magnetometer,  and  complex 
susceptibility  measurement.  Complex  susceptibility  measurement  was 
performed  by  measuring  the  temperature  dependence  of  complex  impedance  of 
a  small  solenoide  including  samples. 


RESULTS  AND  DISCUSSION 

(1)  1-2-3  compounds (LaBa^u^O  ) 

The  so-called  1-2-3  material  LnBa-jCu-jO  (Ln=Y,  rare  earth  elements) [4] 
is  a  90  K  superconductor.  Especially,  LaBa^Cu^Oy  attracts  much  attention 
from  application  point  of  view  because  of  the  low  cost  of  La.  However, 
preparation  of  good  crystals  had  been  difficult,  partly  because  of  the 
special  reason  for  this  material  and  partly  because  of  the  common  reason 
for  1-2-3  materials.  That  is,  for  the  synthesis  of  high-quality  1-2-3 
materials,  sufficient  annealing  by  oxygen  at  low  temperature  is  necessary. 
In  fact,  at  the  initial  stage,  annealing  around  at  300  K  was  successful  to 
form  the  90  K  superconducting  phase  in  this  material [5].  However,  there 
are  some  reports  that  low-temperature  annealing  sometimes  degrades  the 
superconducting  characteristics[6].  Sometimes  we  also  found  a  similar 
situation.  Thus,  some  other  factors  have  to  be  overcome.  Here,  it  should 
be  noted  that  superconducting  properties  in  polycrystalline  samples  are 
determined  both  by  those  of  the  bulk  and  the  grain  boundaries. 
Especially,  the  latter  is  closely  related  with  the  intergrain  Jq  (trans¬ 
port  Jq).  Figure  1 (a)  shows  the  bulk  superconducting  properties  measured 


Figure  1  (a)  The  temerature  dependence  of  the  dc  magnetic  susceptibility 
of  LaBa2CuoO  samples  sintered  at  1050  C  in  Np  for  12  h  and  post  annealed 
in  Op  for  different  time  (A;20  h,  B;74  h). 


The  temperature  dependence 


of  dc  resistivity  for  the  same  samples.  (c)  The  temperature  dependence  of 
the  complex  susceptibility  at  2  kHz  for  the  same  samples. 
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by  the  dc  SQUID  magnetometer  (Meissner-effect)  for  N2-sintered  samples  of 
LaBa2CuoO  which  were  post-annealed  in  02  for  different  time.  This  figure 
clearly  shows  that  the  introduction  of  oxygen  surely  improves  the  bulk 
superconducting  properties.  On  the  other  hand,  superconducting  properties 
measured  in  resistivity  (Fig.  1(b))  shows  that  the  superconducting 
characteristics  were  degraded  by  the  annealing.  Thus,  we  should  ascribe 
the  origin  of  the  degradation  of  superconducting  characteristics  to  that 
of  grain  boundaries.  This  can  be  observed  much  more  easily  in  complex 
susceptibility  around  zero  magnetic  field  (Fig.  1(c)).  The  magnitude  of 
^'decreases  with  increasing  anealling  time.  The  structure  in  xJ’  becomes 
much  broader  and  the  peak  moves  to  the  lower  temperature.  All  of  these 
behaviors  can  be  ascribed  to  the  destruction  of  the  weak  links  at  the 
grain  boundaries.  This  degradation  is  probably  due  to  the  water  included 
in  the  oxygen  gas  flowing  in  the  annealing  process.  In  fact,  the 
introduction  of  the  dry  oxygen  gas  during  the  annealing  process  led  to  the 
synthesis  of  a  sample  which  has  zero-resistance  at  92  K[7].  The  extreme 
improvement  was  also  confirmed  by  the  ac  susceptibility*  measurement. 

(2)  (Bi,Pb)2Sr2Ca2Cu30  (2-2-2-3  phase) 

Bi2Sr2Ca2CuoO  is^ a  member  of  the  group  which  has  the  highest  Tq[8], 
and  contains  the  triple  Cu02  layers  in  the  unit  cell[9]«  Although  one  year 
has  passed  since  the  discovery  of  this  material,  there  are  few  reliable 
data  of  the  physical  properties  of  this  material,  which  is  due  to  the 
difficulty  in  preparation  of  high-quality  single-phase  samples.  Recently, 
Takano  et  al.[10],  and  subsequently  Endo  et  al.[11]  showed  that  the  intro¬ 
duction  of  Pb  and  sintering  in  low  oxygen  partial  pressure  produce  good 
single— phase  samples  in  a  well— reproducible  way.  We  also  succeeded  in 
obtaining  almost  single-phase  samples  with  almost  complete  Meissner  effect 
by  using  essentialy  the  same  method.  However,  the  temperature  dependence 
of  the  resistivity  has  a  small  tail  at  Tq,  as  is  shown  in  Fig.  2(b).  The 

Figure  2  (a)  The  temperature  dependence  of  the  dc  magnetic  susceptibility 
at  10  Oe  for  (Bi.Pb^SrgCa-jCuoO  .  (b)  The  temperature  dependence  of  the 
dc  resistivity  of  the  same  sample.  (A;before  and  B;after  the  treatment 
described  in  the  text),  (c)  The  temperature  dependence  of  the  ac  complex 
susceptibility  at  2  kHz  for  the  same  samples.  Amplitude  was  fixed  at  4 
Oe. 


Temperature  (K) 
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reason  for  this  mysterious  behavior  seem  to  be  the  increase  of  porosity 
due  to  the  volume  expansion  during  sintering  process,  which  is  easily 
confirmed  by  the  ac  susceptibility  measurement  as  shown  in  Fig.  2(b). 
Loss  structure  in  the  imaginary  part  remains  finite  down  to  liquid 
nitrogen  temperature,  which  demonstrates  that  the  coupling  of  the  super¬ 
conducting  grains  is  extremely  weak  despite  the  large  volume  fraction  of 
superconducting  phase.  Thus,  the  pellet  was  re-crashed,  pressed  again  and 
sinterd  at  slightly  lower  temperatures  (820-830  C)  for  a  couple  of  hours. 
This  treatment  removes  the  tail  in  the  temperature  dependence  of  the 
resistivity  and  also  decreases  the  magnitude  of  the  resistivity  by  a 
factor  of  3-4*  As  a  result,  high-quality  single-phase  2-2-2-3  super¬ 
conducting  polycrystals  with  the  resistivity  of  1.1  (0.6)  m  cm  at  300 
K(130  K)  was  obtained.  The  improvement  by  the  above-mentioned  treatment 
is  also  due  to  the  increase  of  the  Josephson  coupling  among  superconduct¬ 
ing  grains,  which  is  clearly  seen  in  Fig.  2(c). 

From  the  above  results,  it  can  be  said  that  the  zero-field  complex 
magnetic  susceptibility  measurement  is  useful  to  characterize  the  nature 
of  grain  boundaries.  Although  resistivity  also  reflects  the  super¬ 
conducting  characteristics  at  grain  boundaries,  it  will  give  no  further 
information  once  it  drops  to  zero.  On  the  other  hand,  complex 
susceptibility  can  measure  the  degree  of  strength  of  the  intergrain 
coupling  continuously,  even  in  zero  resistance  state.  Thus,  it  will 
become  a  simple,  but  useful  tool  for  the  study  of  the  transport  critical 
current  density  of  ceramic  superconductors,  or  superconducting  wires. 
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ABSTRACT 

Magnetization  properties  have  been  measured  for  YBCO  powders  and  BSCCO 
single  crystals.  Current  flows  in  YBCO  are  limited  by  grain  boundaries  for 
both  Meissner  current  and  bulk  current.  Critical  current  in  BSCCO  single 
crystals,  in  a  temperature  region  above  20K,  has  a  strong  inverse  anisotropy 
compared  with  that  for  YBCO.  This  result  suggests  that  the  pinning  centers 
in  BSCCO  are  different  from  those  in  YBCO. 


INTRODUCTION 

Important  superconducting  parameters  Tc  and  Bc2  are  both  determined  by 
'chemistry'  of  a  materials,  whereas  Jc  is  determined  by  its  microstructure. 

In  order  to  reveal  current  flow  performance  in  high  Tc  superconductor, 
magnetization  properties  have  been  measured  for  YBaCuO  powders  and  BiSrCaCuO 
single  crystals. 


EXPERIMENTAL 

YJa.Cu  0  r  powders  calcined  in  air,  with  average  particle  diameters 
ranging  from  3  to  53/1  m,  were  used  as  YBCO  sample.  Raw  material  was  made 
using  a  coprecipitated  method. 

Temperature  dependence  of  magnetization  for  YBCO  powders  was  obtained 
with  a  SQUID  magnetometer.  Most  magnetization  measurements  for  powder 
samples  were  carried  out  with  D.C.  magnetization  measurement  systems,  which 
have  two  coaxial  search  coils  in  a  back  up  field  coil.  The  powder  samples 
were  packed  in  the  form  of  a  hollow  cylinder. 

Single  crystals  of  Bi„  2(Sr,Ca)  gC^O  were  grown  by  a  self-flux  method, 
as  described  previously [I ] .  A  plate-like  crystal,  with  0.3  x  1.25  x  1.5  mm 
average  dimensions,  was  used  in  the  present  study.  The  magnetization 
measurements  for  BSCCO  single  crystals  were  performed  using  the  SQUID 
magnetometer  in  the  temperature  range  from  5K  to  near  Tc,  in  an  up  to  5T 
magnetic  field  with  the  field  direction  parallel  or  perpendicular  to  the  a-b 
plane  for  the  single  crystal  sample. 


RESULTS  AND  DISCUSSION 
Magnetization  of  YBCO  powders 
1.  B<Bcl 

Figure  1  shows  the  temperature  dependence  of  magnetization  for  different 
sizes  of  YBCO  powders.  These  data  were  obtained  in  a  20  gauss  field  under 
zero  field  cooling  condition. 

This  result  indicates  that  the  critical  temperature,  Tc,  value  for  these 
samples  is  93  K.  However,  a  small  amount  of  low  Tc  phase  magnetization, 
ortho  II  phase  ,  whose  Tc  is  approximately  60K[2],  is  superimposed  on  the 
curves.  Therefore,  93K  phase  is  covered  by  60K  phase. 
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Magnetization  decreasing  rate  P(d,'i),  as  a  function  of  powder  diameter  d 
and  penetration  depth  X.  can  be  explained  as  follows 

P(d.a>=H3-|^  O) 

where  the  X value  depends  on  temperature,  as  follows. 

(T)->  (1  tV/2  (2) 

Temperature  dependence  of  magnetization  for  the  YBCO  powders,  normalized 
by  4.2K  magnetization  and  Tc,  respectively,  are  shown  in  Fig. 2.  Solid  line 
curves  indicate  calculated  values  for  d/2\  where  ^  is  a  penetration  depth 
at  OK.  The  calculated  magnetizations,  in  the  T/Tc>0  temperature  region, 
increase  with  increasing  powder  size.  On  the  other  hand,  experimentally 
obtained  magnetization  saturate  over  lijlun  powder  size.  These  results 
indicate  that  the  Meissner  current  flow  in  the  YBCO  powder  is  limited  by 
some  barriers  in  the  region  whose  dimensions  are  aproximately  It  will 

be  shown,  in  the  following,  that  these  barriers  are  caused  by  grain 
boundaries. 


2 . B>Bcl 

Magnetization  loop  width  AM  can  be  explained,  based  on  the  Bean  model,  as 
follows . 


where  is  permeability  in  a  vacuum  and  d  is  the  mean  diameter,  for 
individual  powder  particles.  Average  Jc  values  for  individual  particles  can 
be  derived  from  the  slope  of  the  AM  versus  the  powder  diameter  relationship. 

Figure  3  shows  theAM  dependence  on  powder  size  at  4.2  K  for  0.3  T,  0.5  T 
and  0.8  T.  The  magnetization  at  4.2  K  for  every  field  measured  is  in  linear 
proportion  to  particle  size  over  the  1-20/im  range  and  saturates  a£  above  20 
^m.  The  Jc  value,  derived  from  Eq.(l),  is  approximately  2x10  A/cm  at  4.2 
K,  0.3  T  from  the  slope  in  the  linear  relationship. 

Figure  4  shows  theAM  dependence  on  powder  size  at  77  K  for  0.03  T,  0.1  T 
and  0°3  T.  The  magnetization  at  77  K  for  every  field  measured  is  also  in 
linear  proportion  to  the  powder  size  over  the  l-20yum  range  andgSaturates  at 
above  20 Mm.  Jc  at  77  K  is  obtained  as  approximately  7x10  A/cm  at  0.03  T. 

These  Jc  values  are  almost  the  same  or  somewhat  larger,  compared  with  Jc 
values  for  the  single  crystal [3 j . 

The  magnetization  saturation  indicates  that  major  magnetization  current 
cannot  flow  through  boundaries  on  a  20yWm  wide  region. 

Estimated  grain  .size  in  YBCO  suggests  that  individual  particles,  whose 
average  powder  sizes  are  smaller  than  20/im,  are  made  of  a  single  crystal  or 
its  fragment.  On  the  other  hand,  each  particle,  whose  powder  size  is  larger 
than  20yUm,  seems  to  be  made  of  several  grains.  Therefore,  the  magnetization 
saturation  can  be  explained  with  a  model  wherein  current  flow  over  the  20/tm 
range  is  limited  by  grain  boundaries. 


Magnetization  of  BSCCO  single  crystals 

Figure  5  show  the  Meissner  effect  for  single- crystal  Big  2(Sr,Ca)2  gCu20y 
in  low  perpendicular  magnetic  field.  A  superconducting  transition  was' 
observed  at  80K.  The  same  transition  temperature  was  obtained  under  the 
parallel  magnetic  field. 
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Figures  6(a)  and  6(b)  show  typical  magnetization  curves  for  the  BSCCO 
single  crystal  at  5K  temperature  in  parallel  and  perpendicular  fields, 
respectively.  In  comparison  with  the  two  curves,  no  strong  anisotropy  in  the 
magnetization  curves  to  field  direction  was  observed  at  this  temperature.  A 
similar  result  was  also  obtained  by  Lin,  et  al[4].  However,  in  a  higher 
temperature  region  above  20K,  the  anisotropy  appeared  in  the  critical 
current  densities,  as  shown  in  Fig. 7. 

Critical  current  density  Jc  values  were  determined  from  the  magnetization 
curves, -using  a  simple  relation  between  Jc  and  magnetization,  Jc=30AM/r (Jc 
in  A/cin  ,£M  in  emu/cm  ,r  in  cm),  where  ^M  is  the  width  of  a  magnetization 
curve,  and  r  is  the  radius  of  a  disk  sample. 

The  anisotropy  in' Fig".  7  shows  that  the  Jc  value,  obtained  under  a  field 
parallel  to  the  a-b  plane  of  the  single  crystal,  is  higher  than  that  for  the 
perpendicular  field.  This  result  is  contrary  to  the  anisotropic  behavior  for 
YBaCuO  [3] . 

Inverse  anisotropy  in  critical  current  suggests  that  pinning  centers  are 
different  between  YBCO  and  BSCCO.  The  pinning  center  in  BSCCO  might  be  due 
to  micro-cleavage  surface  along  the  a-b  plane. 


CONCLUSION 

In  summary ,  Meissner  and  bulk  current  flows,  which  are  responsible  to 
magnetization,  are  limited  in  the  20>m  range  by  grain  boundaries  in  YBCO. 

Critical  current  values  for  YBCO,  obtained  from  the  slope  in  the  linear^ 
relationship  between  magnetization  and  powder  si^e,  arg  approximately  2x10 
A/cn>  at  4.2  K  and  0.3  T,  and  approximately  7x10  A/cm  at  77  K  and  0.03  T. 

Critical  current  in  a  BSCCO  single  crystal  has  strong  anisotropy.  The 
anisotropy  is  opposite  to  the  anisotropy  for  YBCO.  These  results  indicate 
important  information  concerning  the  origin  of  the  pinning  centers  in  high 
Tc  superconductors. 
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ABSTRACT 


Critical  current  density(Jc)  of  bulk  sintered  oxide  superconductors  is 
fairly  small  due  to  the  presence  of  weak-link  networks  along  grain 
boundaries.  The  quench  and  melt  growth(QMG)  process,  which  consists  of 
quenching  from  molten  oxide  region  and  subsequent-  reheating  and  slow 
cooling,  enables  unidirectional  growth  of  a  superconducting  phase  an^ 
elimination  of  weak-links  from  bulk  samples  and  transport  Jc  exceeding  10 
A/cm5  is  attained  at  77K  and  10T.  Magnetization  measurements  revealed  that 
the  QMG  processed  samples  obey  Bean  critical  state  model  and  yield  Jc  value 
exceeding  104  A/cm5  at  77K  and  IT.  Flux  creep  measurements  on  such  samples 
also  revealed  that  giant  flux  creep  is  not  inherent  to  oxide 
superconductors  even  when  they  are  used  at  77K. 

INTRODUCTION 


Critical  current  density(Jc)  is  the  most  important  property  for 
practical  applications  of  the  superconductors.  Unfortunately,  in  spite  of 
tremendous  efforts,  Jc  values  of  bulk  sintered  oxide  superconductors  remain 
low  presumably  due  to  the  presence  of  weak-links  and  a  strong  anisotropy  in 
Jc. 

The  first  breakthrough  has  been  accomplished  by  Jin  et  al.[l]  who 
employed  so-called  melt-textured  growth  process  to  fabricate^  YBaCuO  with 
highly  oriented  structure  and  achieved  Jc  value  of  4000  A/cm  at  77K  and 


IT. 

Recently  we  have  also  developed  the  quench  and  melt  growth(QMG)  process 
which  enables  elimination  of  weak-links  from  bulk  samples[2],  The  QMG 
process  consists  of  quenching  from  Y^O^  +  liquid  region  and  subsequent 
reheating  to  Y?BaCu0r  +  liquid  region  followed  by  slow  cooling  in  flowing 
oxygen.  If  tnermar  gradient  technique  is  used  in  the  last  step, 

unidirectional  'growth  of  the  superconducting  phase  takes  place.  In  the 
samples  fabricated  by  the  QMG  process,  fairly  high  Jc  values  are  attainable 
even  in  the  presence  of  a  significant  magnetic  field. 

In  this  paper,  we  summarize  the  QMG  process  and  then  report  some 
results  of  magnetization  and  flux  creep  measurements  for  the  QMG  processed 
YBaCuO  samples. 


THE  QMG  PROCESS 

In  order  to  reduce  the  weak-links  in  bulk  oxide  superconductors,  it 
is  desirable  to  fabricate  YBaCuO  with  large  elongated  grains  aligned 
perpend i cu 1 ar  to  the  C  axis.  A  sol  edification  process  seems  to  be  best 
for  achieving  this.  However,  mi crostructural  observation[3]  revealed  that 
the  connectivity  of  superconducting  phases  is  quite  poor  in  solidified 
samples.  It  is  known[4]  that  a  k Ba^Ctj ^0^  phase  (123)  is  produced  by 
peritectic  solidification  of  a  ^^aCuO^' 2 , 1 )  phase.  Therefore  how  the  211 
phases  are  distributed  in  a  liquid!L:  is  a  key  parameter  to  determine  the 
connectivity  of  the  123  phases.  The  desired  precursor  microstructure  is  the 
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Fig.  1 

one  with  the  211  phases  finely  and  homogeneously  dispersed  in  the  liquid. 
However,  it  becomes  clear  that  it  is  difficult  to  refine  the  211  phases 
within  211  +  L  region.  It  also  becomes  clear[5]  that  the  211  phases  are 
not  stable  above  1200  C  and  melt  incongruently  into  Y^O,  and  liquid.  To 
obtain  the  microstructure  with  finely  distributed  211  phases,  we  have  to 
start  from  Y-O.  +  L  region.  However,  in  this  region  Y^O.  tends  to 
agglomerate  resulting  in  inhomogeneous  distribution  of  the  211  phases. 
The  reaction  of  the  melt  with  crucible  materials  is  also  severe.  To 
overcome  these  problems  we  employed  rapid  heating  to  Y202  +  L  region  and 
subsequent  quenching  which  is  effective  to  avoid  coarsening  of  Y^j  an<^ 
minimize  the  contamination  from  crucible  materials.  By  reheating  the 
quenched  materials  in  211  +  L  region,  the  211  phases  are  produced  by 
peritectic  solidification.  It  is  also  possible  to  connect  precursor 
quenched  materials  and  to  fabricate  desired  shapes  at  this  stage.  If  we 
slow  cool  the  material  with  thermal  gradient  in  flowing  oxygen,  we  can 
obtain  the  specimen  oriented  to  a-b  direction  as  shown  in  Fig.  1. 


CRITICAL  CURRENT 


Transport  Jc 

First  we  measured  Jc  of  the  QMG  processed  samples  by  the  standard  four 
probe  method  using  1  //V/cm  criterion.  Electric  currents  were  applied  along 
growth  direction.  Typical  results  are  presented  in  Fig.  2.  Jc  exceeding 
1000  A/cm2  was  obtained  at  77K  and  10T,  which  is  dramatically  high  compared 
to  those  of  sintered  bulk  samples.  However,  we  noticed  that  the  sample 
becomes  normal  due  to  heat  generation  from  electric  contacts[2].  Small 
dependence  of  Jc  on  magnetic  field  is  also  evidence  for  this.  Therefore  we 
need  reduce  contact  resistance  to  obtain  real  Jc.  This  result  also 
suggests  that  even  Higher  Jc  is  obtainable  in  the  QMG  processed  samples. 

Magnetic  Jc 

It  is  also  possible  to  determine  Jc  through  magnetization 
measurements.  The  contact  resistance  problem  can  be  neglected  in  this 
method.  However,  in  bulk  sintered  material  where  the  difference  in 
magneti zati on( A M)  is  almost  independent  of  sample  size,  Jc  cannot  be 
estimated  from  AM.  Fig.  3  shows  the  relationships  between  AM  and  sample 
thickness(d)  at  various  magnetic  fields  for  the  QMG  processed  sample. 
Straight  lines  can  be  obtained,  indicating  that  the  sample  obeys  Bean 
critical  state  model.  Under  such  a  condition,  Jc  can  be  related  to  AM.  In 
the  case  of  flat  long  sheet  with  thickness  d  in  pararell  magnetic  field. 
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Fig.  4.  Magnetic  field  dependece  Fig.  5.  Relaxation  of  the  remnant 
of  Jc  estimated  from  AM.  magnetization  as  a  function  of  time. 
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the  following  equation  can  be  obtained  to  a  first  approximation(in  cgs 
UnltS^‘  '  4 *  (M+  -  M-)  =  (8*/c)  (4/d)  Jc 

If  we  take  the  unit  as  M  in  emu/cm^,  d  in  cm,  and  Jc  in  A/cm  ,Jc  can  be 
estimated  from  the  following  equation: 

Jc  =  20  ( AM  /  d) 

Maqnetic  field  dependence  of  Jc  thus  estimated  is  presented  in  Fig.  4.  Jc 

exceeding  104  A/cm5  is  achievable  at  77K  and  IT,  which  poses  a  strong 

potentiality  of  oxide  superconductors  for  applications  at  77K. 

FLUX  CREEP 

Recently  flux  creep  has  been  considered  to  be  a  serious  problem  when 
oxide  superconductors  are  used  at  77K[6].  In  type  II  superconductors, 
magnetic  fluxoids  are  trapped  in  pinning  sites,  however,  at  temperature 
T(K)  fluxoids  diffuse  by  thermal  activation  with  the  diftusivity 
proportional  to  exp(-Un/kT),  where  UQ  is  the  pinning  potential.  In  the 
conventional  superconductors,  the  effect  of  flux  creep  can  be  neglected 
because  they  are  used  at  fairly  low  temperature(4. 2K) .  On  the  other  hand 

at  77K,  where  oxides  are  to  be  used,  thermal  component  kT  becomes  fairly 

large(0. 006eV) .  Along  with  large  kT,  UQ  of  oxide  superconductors  seems  to 
be  small  due  to  small  coherence  length,  which  results  in  small  UQ/kT 
thereby  giant  flux  creep[6]. 

However,  it  is  also  true  that  Ufi  can  be  enhanced  by  the  introduction 
of  pinning  points[7].  The  QMG  processed  YBaCuO  samples  exhibit  high  Jc  in 
magnetic  field  indicating  that  strong  pinning  points  exist.  Therefore  we 
conducted  flux  creep  measurements  using  a  vibrating  sample  magnetometer. 
External  field  was  increased  up  to  1000G  and  then  rapidly  reduced  to  zero 
and  then  relaxation  of  the  remnant  magnetization  was  monitored, 
results  for  three  samples  with  different  Jc's  are  shown  in  Fig. 
sample  with  higher  Jc  exhibited  smaller  relaxation.  In  the  best 
flux  creep  rate  is  fairly  slow  indicating  that  giant  flux  creep 
inherent  to  oxide  superconductors. 


Typical 
5.  The 
sample, 
i  s  not 


CONCLUSIONS 

The  QMG  process  is  effective  to  fabricate  YBaCuO  with  high  Jc,  in 
which  Bean  critical  state  is  established.  Magnetization  measurements 
revealed  that  Jc  values  exceeding  10  A/cm5  are  achievable  in  the  QMG 
processed  samples  at  77K  and  IT.  Giant  flux  creep  is  not  observed  in  such 
samples. 
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ABSTRACT 

BiSrCaCuO  and  TIBaCaCuO  thin  film  were  grown  on  MgO  substrate  by  an 
RF  magnetron  sputtering.  Their  Jc  were  3.4  MA/ cm2  and  3.2  MA/ cm2 , 
respectively.  Anistropic  degradation  of  Jc  by  magnetic  field  was 
observed.  X-ray,  RHEED  and  SEM  observation  showed  that  these  high  Jc  thin 
film  were  c-axis  oriented  poly-crystalline.  Grain  boundaries  and 
stacking  faults  may  act  as  pinning  places  of  a  magnetic  flux. 


INTRODUCTION 


Since  the  discovery  of  high  Tc  superconducting  materials ( 1 , 2) ,  many 
studies  have  been  done  in  the  field  of  thin  film.  High  Tc  superconducting 
thin  film  has  a  big  potential  in  electronics,  for  sensors (3)  or  high  speed 
devices (4).  The  authors  have  studied  epitaxial  growth  of  a  HoBaCuO  thin 
film,  and  have  gotten  a  single  crystal  thin  film  which  had  Jc  of  3.5 
MA/cm2(5,6).  Recently  BiSrCaCuO  and  TIBaCaCuO  which  have  higher  Tc  than 
LnBaCuO  were  reported (7 , 8) .  The  authors  have  obtained  high  Jc 
superconducting  thin  films  of  BiSrCaCuO  and  TIBaCaCuO.  Here  we  will  report 
the  preparation  conditions  of  these  high  Jc  superconducting  thin  films  and 
their  properties. 


EXPERIMENTAL 


Films  have  been  prepared  by  rf  magnetron  sputtering  with  a  single 
target.  The  target  was  prepared  by  sintering  mixed  power  of  BaC03,  CaO, 
Bi203,  T1203  and  CuO  for  each  system.  A  substrate  was  MgO  single  crystal. 
The  glow  discharge  was  radio-frequency  exited  (13.56  MHz)  under  80%  Ar  and 
20%  oxygen  atmosphere.  The  substrates  were  heated  at  350  to  800cC.  The 
films  were  annealed  at  800  to  950cC.  In  the  case  of  TIBaCaCuO  films,  the 
substrate  temperature  were  kept  at  350°C  and  the  films  were  annealed  in  a 
sealed  tube  containing  T1203,  because  of  a  high  vapor  pressure  of  T1 
compound.  The  temperature  dependence  of  the  film  resistivity  and  the 
critical  current  densities  were  measured  by  a  four-prove  method  in  a 
cryostat.  For  these  measurements,  an  annealed  thin  film  was  etched  with  a 
diluted  HC1  (0.5  vol%)  solution  to  form  a  narrow  region  with  an  area  of 
about  20  urn  in  length  and  20  urn  in  width.  The  structure  and  morphology 
were  analyzed  by  X-ray  diffraction  (XRD) ,  reflection  high-energy  electron 
diffraction  (RHEED),  scanning  electron  microscopy  (SEM). 


EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 


1.  BiSrCaCuO  Thin  Film 

A  BiSrCaCuO  thin  film  was  prepared  by  the  rf  magnetron  sputtering 
with  a  single  target  (9).  An  X-ray  diffraction  pattern  of  the  BiSrCaCuO 
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thin  film  is  shown  Fig.l.  It  indicates  that  the  film  is  c-axis  textured 
and  is  composed  of  a  single  2223  high  Tc  phase  with  c=37.2A.  As  ..a  RHEED 
pattern  shows  fine  rings,  this  thin  film  is  c-axis  textured  poly¬ 
crystalline. 

The  temperature  dependence  of  critical  current  density  is  shown  in 
Fig. 2.  One  film  has  the  Jc  of  1.9  MA/ cm2  at  77. 3K  and  that  of  21MA/cm2  at 
40K.  The  another  film  has  3.4  MA/ cm2  at  77. 3K. 

The  magnetic  field  dependence  of  critical  current  density  at  77. 3K 
was  also  investigated.  As  the  applied  magnetic  field  increases,  the  Jc 
decreases  as  shown  in  Fig.  3.  Degradation  of  Jc  depends  on  the 
direction  of  the  applied  field  to  the  substrate  and  to  the  direction  of 
the  current  flow.  If  the  current  flows  parallel  to  the  magnetic  field,  no 
Lorentz  force  comes  out  and  Jc  should  not  be  affected  by  the  magnetic 
field.  But  Fig.  3  shows  that  degradation  in  this  case  has  occurred.  This 
indicates  that  the  film  has  many  obstacles  to  current  flow  and  the  actual 
current  passes  in  a  zigzag  pattern.  Therefore  the  magnetic  flux 
accumulates  force  and  degradation  of  the  Jc  occurs.  As  this  film  is 
polycrystalline,  many  grain  boundaries  may  act  as  obstacles.  In  the  other 
cases  where  the  current  and  the  magnetic  field  are  perpendicular  to  each 
other,  degradation  is  larger  than  the  above  case.  .  Comparing  the  two  cases 
(b)  and  (c)  in  the  fig.  3,  degradation  of  (c)  is  larger  than  that  of  (b) . 
Magnetic  flux  which  is  parallel  to  the  surface  is  pinned  stronger  than 
those  which  are  perpendicular  to  the  surface.  The  magnetic  flux  may  be 
pinned  at  grain  boundaries  or  stacking  faults,  which  are  mainly  located 
parallel  to  the  surface.  Jc  becomes  0.26  MA/cm2  under  the  magnetic  field 
of  even  0.5  tesla  at  77. 3K.  This  degradation  is  much  larger  than  that  of 
a  HoBaCuO  thin  film  which  can  sustain  more  than  1.5  MA/ cm2  under  the 
magnetic  field  of  1  tesla. 


Fig.l  X-ray  diffraction  of  BiSrCaCuO 
thin  film 


Temperature  (K) 


Fig. 2  Temperature  dependence 
of  Jc  for  BiSrCaCuO 
thin  film 
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2.  TlBaCaCuO  Thin  Film  . 

A  TlBaCaCuO  thin  film  was  also  prepared  by  the  sputteringv  .  s 
thallium  is  volatile,  the  film  is  deposited  without  eatjln8  C  6 
substrate.  This  film  was  post-  annealed  around  900°C  in  oxygen  and  thallium 
vapor.  X-ray  patterns  of  the  as-grown  film  and  the  post. annea  e  i  m  are 
shown  in  Fig. 4.  The  as-grown  film  is  amorphous,  and  the  post  annea  e  1  ™ 
is  c-axis  textured  polycrystalline.  The  superconducting  transition  o 
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Fig. 3  Magnetic  field  dependence 
of ■ Jc  for  BiSrCaCuO  thin 
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Fig. 4  X-ray  diffraction  of 
TlBaCaCuO  thin  film 


Temperature (K)  Fig. 6  Magnetic  field  dependence 

Fig. 5  Temperature  dependence  of  Jc  of  jc  for  TlBaCaCuO  thin 

for  TlBaCaCuO  thin  film  film 
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zero  resistance  of  this  film  is  115K.  We  also  obtained  a  2212  phase 
TIBaCaCuO  thin  film,  whose  Tc  was  102K.  The  temperature  dependence  of  Jc 
of  this  2212  phase  film  is  shown  in  Fig. 5.  The  Jc  of  3.2  MA/cm2  was 
obtained  at  77. 3K  under  zero  magnetic  field.  Applied  magnetic  field 
strongly  suppress  the  critical  current  densities (Fig. 6) .  We  found  many 
tiny  pores  which  is  probably  caused  by  evaporation  of  T1  compound.  These 
defects  of  the  film  and  the  grain  boundaries  will  be  the  cause  of  rapid 
degradation  of  the  critical  current  density  by  the  applied  magnetic  field. 


CONCLUSION 


Experimental  results  are  summarized  in  Table  1.  This  include  the 
results  of  high  Jc  LnBaCuO  thin  film,  too.  We  obtained  high  Jc 
superconducting  LnBaCuO  (Ln:  Ho,Er,Y),  BiSrCaCuO  and  TIBaCaCuO  thin  films. 
These  films  have  more  than  3MA/cm2  at  77. 3K  under  zero  magnetic  field. 
Applied  magnetic  field  strongly  suppress  the  Jc  in  poly-crystalline 
BiSrCaCuO  and  TIBaCaCuO  films  compared  with  in  the  case  of  the  single 
crystal  LnBaCuO  film. 


Tablel  Characteristics  of  high  Jc 
superconducting  thin  film 


HoBaCuO 

BiSrCaCuO 

T15aCaCu0 

Tc(R=0) 

90K 

10SK 

115K 

Jc(77.3K) 

3.5X10SA/cm2 

3.4X10sA/cmZ 

3.2X10SA/cni2 

CRYSTAL  I NITY 

SINGLE 

POLY 

POLY 

M0PH0L0GY 

FLAT 

ROUGH 

ROUGH 

Jc  UNDER 

MAG.  FIELD 

1.5X106A/cm2 
(at  1.0T) 

2.6X10SA/ cm2 
(at  0.5T) 

1.2X10sA/cm2 
(at  0. IT) 
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ABSTRACT 

In  order  to  discuss  the  effects  of  boundaries  .  _°i1  "Jp*  two 
experimental  results  are  presented.  The  microstructure  of  ErBaaCu^ 
films  prepared  by  sputtering  are  examined  by  a  TEM.  Many  subgrains 
are  observed  in  the  film  with  a  low  Jc,  and  Jc  is  considered  to  b 
affected  by  the  sub-boundaries  rather  than  by  the  twin  boundaries.^ 
Artificial  crystalline  defects  are  formed  in  a  epitaxial  film  using  a 
focused  ion  beam  technique.  These  defects  show  the  properties  of 
weak  link  junctions. 


INTRODUCTION 

Since  1986,  superconducting  oxides  with  high  critical  temperature 
(Tc)  have  been  discovered  in  succession  [1-4] .  These  superconducto 
are'  expected  to  create  new  electronic  devices  which  make  better  use 
of  their  properties.  When  new  superconducting  oxides  are  used  tor 
electronic  devices,  thin  films  with  high  critical  current  densities 
(Jc)  must  be  grown  on  various  substrates  such  as  semiconductors  and 
oxides.  And  controllable  Josephson  junctions  must  be  fabricated  in 
these  films,  too.  Though  high  Jc  of  106  A/cm  at  77K  has  been 

achieved  in  films  prepared  by  sputtering  and  reactive  evaporation [5 
7]  the  essential  factors  which  determine  the  Jc  of  the  oxide 
super  conduct  or  s  are  not  clear.  Weak  link  haw 

fabricated  using  grain  boundaries  of  polycrystalline  films  and  have 
been  applied  to  make  SQUID’ s  [8, 9] .  However,  it  is  difficult  to 
control  the  properties  of  junctions  as  far  as  polycrystalline  fil 
are  utilized.  These  problems  corne  from  the  lack  of  knowledge  of  Jc 
in  oxide  super-conductors.  In  this  presentation,  we  show  our  results 
of  the  preparation  and  characterization  of  thin  films,  and  of  th- 
fabrication  of  weak  link  junctions  for  fruitful  disccusions. 


CHARACTERIZATION  OF  MICROSTRUCTURF,  OF  THIN  FILMS 
Film  preparation 

ErBa* Cu3  O, . ,  films  were  prepared  by  sputtering  onto  the  heated 
substrate  (60CTC)  in  a  gas  pressure  of  4  Pa.  The  sputtering  gas i  was  a 
mixture  of  Ar  and  a  (1:1).  Substrates  used  were  MgO  (100)  and 
SrTi03  (T10).  After  deposition,  the  films  were  post-annealed  at  o 
900”C  for  2-40  h  in  d  at  1  atm.  Film  thickness  was  0.  7 /an.  The  micro¬ 
structures  of  the  films  were  examined  by  using  a  transmission 
electron  microscope.  Electrical  properties  are  measured  by  a 
conventional  four-point  probe  technique.  Magnetic,  field  dependence 
of  Jc  was  measured  in  external  magnetic  field  of  IT  m  maximum. 
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Measurement  of  Jc  and  observation  of  micro-structure 


Deposited  films  had 
smooth  surfaces.  The  X-ray 
diffraction  analysis  showed 
that  the  film  on  MgO  sub¬ 
strate  was  highly  oriented 
in  c-axis.  High  resolution 
TEM  image  of  the  cross- 
section  of  the  film  deposit¬ 
ed  on  MgO  (001)  showed  that 
the  a-b  basal  plane  of  the 
film  was  parallel  to  sub¬ 
strate  surface  and  that  con¬ 
tinues  in  a  wide  range.  The 
Jc  along  a  [100]  direction 
of  the  film  was  as  high  as 
10s  -10s  A/cm* .  This  high 

value  may  be  the  result  of 
the  continuation  of  the 
basal  plane  where  super¬ 
conducting  current  flows. 
However,  the  samples  with 
low  Jc’s  were  sometimes 
prepareed  even  when  they 
were  grown  under  the  same 
conditions.  The  TEM  images 
and  diffraction  patterns  of 
the  films  which  have  dif¬ 
ferent  values  of  Jc  are 
shown  in  Fig.  1.  These 
bright  field  images  were 
taken  with  electron  inci¬ 
dences  of  the  [001] .  The 
twin  lamellas  which  lie  on 
{110}  planes  are  clearly 
observed.  And  there  are 
many  domains.  The  number 
and  the  spacing  of  twins 
are  almost  the  same  in  these 
images.  Feature  of  the  TEM 
image  of  the  low  Jc  film  is 
the  existence  of  subgrains. 
Misorientation  between  each 
subgrain  can  be  estimated 
from  the  angle  difference 
of  twin  directions,  the 
contrast  of  subgrains  and 
electron  diffraction  pat¬ 
terns.  There  are  many  sub¬ 
grains  in  the  film  with  low 
Jc  and  the  misorientation  of 
these  subgrains  are  large. 
Jc  is  considered  to  be  af¬ 
fected  by  the  sub-boundary 
rather  than  by  the  twin 
boundaries.  Sub-boundaries 


F  ig.  1  TEM  images  of  ErBa*  Cu3  O?  - 1 
films  prepared  on  MgO  (100)  sub¬ 
strates.  (a)  Jc=108  A/cm* ,  (b^Jc^O* 
A/cm*  and  (c)  Jc=10*  A/ cm* 


\ 
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act  as  weak  link  junctions  and  lower  the  Jc  because  of  the  quite 
short  coherent  length  of  the  oxide  superconductors  [10] .  The 
measurement  of  external  magnetic  field  dependence  of  Jc  also  showed 
that  the  twin  boundary  has  little  role  in  pinning  the  magnetic  flux 
motion  [7] . 


FABRICATION  OF  A  WEAK  LINK  JUNCTION 


Fabrication  process 


SrTiOj  (HO)  substrates  were  used  for  epitaxial  growth  of  super¬ 
conducting  films.  Gallium  (Ga)  ions  were  irradiated  on  the  substrate 
by  sweeping  a  focused  ion  beam  (FIB)  at  a  energy  of  30kV  and  dose  of 
4xlOl  1  ~4xl0‘ 6  /cnf  .  The  length  of  sweeping  beem  lines  was  0.5mm.  The 
superconducting  film  was  prepared  by  sputtering  onto  the  substrate. 
Growth  conditions  were  the  same  as  mentioned  above.  The  damaged 
region  obstructed  the  epitaxial  growth  and  this  caused  a  crystalline 
defect  in  the  film. 


Character izat ion  of  artificial 
defects 

When  the  ion  dose  was 
more  than  4xlOl3/cnf,  dark 
lines  were  observed  on  the 
substrate  by  an  optical 
microscope.  Contrast  of 

these  lines  was  clear  with 
their  dose.  Epitaxial 

growth  was  confirmed  by  X- 
ray  diffraction  after  depo¬ 
sition  of  the  film.  Line 
defect  was  formed  on  the 
film  where  dose  was  more 
than  10l  5 /cnf  as  shown  in 
Fig.  2. 

The  generated  voltage 
when  a  bias  current  (I)  was 
swept  at  4  Hz  across  this 
line  defect  was  measured. 
In  this  measurenment,  a  neck 
was  formed  by  removing  the 
film  mechanically  as  shown 
in  Fig.  2.  The  current- 
voltage  characteristics  were 
measured  at  4.  2K  with  a  con¬ 
ventional  four -point  probe 
method.  The  typical  curves 
for  the  circuit  crossing  the 
defect  and  for  one  in  a 
blank  region  are  shown  in 
Fig.  3.  At  4.  2K,  an  critical 
current  density  of  this  film 
was  too  high  to  generate 
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Fig.  2  Photograph  of  a  patterned 
specimen  for  measurement  of  I-V 
properties.  A  line  defect  is 
located  at  the  neck  region. 
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Fig.  3  I-V  characteristics  of  a 
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one  in  a  blank  region 
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voltage.  On  the  other  hand,  critical  current  crossing  the  defect  was 
low  and  voltage  was  detected.  At  77K,  critical  currents  for  both 
circuits  decreased,  and  I-V  curves  show  gradual  change.  Temperature 
dependence  of  Ic  for  the  circuit  straddling  the  defect  was  of  form 
Io  cc (1-T/Tc) 1  6 .  Here  Tc  is  a  critical  temperature  83K.  This  is 
similar  to  the  result  obtained  for  dc  SQUID  which  utilizes  grain 
boundaries  for  junction  [9].  These  results  indicate  that  this 

artficial  defect  acts  as  a  weak  link  junction. 


SUMMARY 

ErBa2 Cu3  0>  -  e  films  were  prepared  onto  MgO  and  SrTiOs  substrates  by 
sputtering  and  their  micro-structures  were  examined  by  TEM.  The 
observation  indicated  that  sub-boundaries  caused  the  decrease  of  Jc. 
In  order  to  control  the  Jc,  artificial  crystalline  defects  were 
fabricated  in  a  epitaxial  film  using  a  focused  ion  beam  technique. 
These  defects  showed  the  prpperties  of  weak  link  junctions. 
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IN-SITU  GROWTH  OF  YBa?Cu^07_y  THIN  FILMS  BY  ACTIVATED  REACTIVE 
EVAPORATION  ~~ 

T  TERASHIMA,  K.IIJIMA+,  K. YAMAMOTO4,  K.HIRATA+and  Y.BANDO 
INSTITUTE  FOR  CHEMICAL  RESEARCH,  KYOTO  UNIVERSITY ,  UJI  61  1  ,  JAPAN 
+  RESEARCH  INSTITUTE  FOR  PRODUCTION  DEVELOPMENT,  KYOTO  606,  JAPAN 


ABSTRACT 


Epitaxial  growth  of  (001)  oriented  YBa2Cu307_x  on  (100) 
SrTiOo  and  (100)  MgO  by  activated  reactive  evaporation  was 
investigated  by  in-situ  reflection  high  energy  electron 
diffraction.  Formation  of  the  perovskite  structure  was  observe 
for  the  first  atomic  layer  on  the  substrates,  and  the  subsequent 
layers  exhibited  a  layer  by  layer  growth.  The 
the  (001)  plane  of  the  film  on  the  (100)  MgO 
that  of  MgO  to  YBa2Cu307_x  when  the  thickness 
a  few  unit  cell  length  of  1:2:3  structure. 


'lattice  spacing  in 
had  converted  from 
of  the  film  came  to 


INTRODUCTION 


High  temperature  superconducting  oxides  thin  films  with 
excellent  characteristics,  such  as  good  crystallinity,  smooth 
surface  and  high  critical  current  density  were  strongly  required 
for  the  wide  applications  of  the  high  t®mPera;tu^e 
superconductivity.  Recent  trend  of  the  preparation  of  the  high-Tc 
films  has  been  directed  toward  "in-situ"  growth  of  the 
superconducting  phase  at  relatively  low  temperatures  to  attain  a 
smooth  film  surface  which  is  suitable  for  the  fabricating  of  the 
film  devices.  Several  methods,  including  reactive  evaporation 
with  an  activated  oxygen  source  [1,2],  reactive  sputtering  >-3,4J 
and  pulsed  laser  evaporation  [5]  >  have  been  successfully  applie 

to  "in-situ"  growth. 

We  have  already  demonstrated  that  a  good 
crystal  YBa2Cuo07  (hereafter  refered  to  as 
with  large  critical  current  density  (  4x10  A/cm 
prepared  by  activated  reactive  evaporation  [6J. 
progress  in  the  formation  of  the  high  quality 


quality  single- 
CBC0)  thin  films 
•  at  77K  )  can  be 
In  order  to  make 
superconducting 


films,  it  is  of  significant  importance  to  investigate  the  growth 

mode  of  the  films  from  the  first  stage. 

Here  we  report  the  in-situ  observation  of  the  reflection  high 
energy  electron  diffraction  (RHEED)  during  the  growth  of  YBC0 
thin  films.  The  substrates  used  in  this  study  were  (100)  SrTiO^ 
and  (100)  MgO.  SrTiOo  has  a  perovskite  structure  and  good  lattice 
matching  with  the  YBC0  (lattice  misfit  is  less  than  2% ),  while 
MgO  has  the  NaCl  structure  and  large  misfit  of  9%.  Especially,  in 
the  last  case,  it  is  interesting  to  investigate  when  the 
perovskite  structure  of  1:2:3  compound  is  formed  and  how  the 
lattice  spacing  varies. 


EXPERIMENT 

The  YBC0  films  were  prepared  in  a  ARE  system,  assorted  with 
the  in-situ  RHEED  observation  system  and  cold  cathode  type  ion 
beam  sources  which  is  used  for  the  pre-cleaning  o^  the  substrate 
surface.  The  Y  and  Ba  metals  were  evaporated  from  the  two 
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electron-beam  heated  sources,  and  the  Cu  metal  was  from  the 
alumina  crucible  heated  by  a  tungsten  wire.  Each  source  had  a 
its  own  quartz  oscillating  rate  monitor  and  the  source  power  was 
controlled  by  the  feedback  from  the  rate  monitor  to  maintain  a 
constant  evaporation  rate  for  the  film  stoichiometry.  The  total 
overall  growth  rate  was  0.8  A/sec. 

The  oxyg*en  incorporation  was  made  by  a  oxygen  gas  flow  from 
the  both  side  of  the  substrate.  The  local  oxygen  pressure  near 
the  substrate  surface  was  made  to  be  10"^10‘~  Torr,  while  the 
back  ground  pressure  was  kept  at  10”^  Torr  during  the  deposition. 
And  a  oxygen  plasma  was  produced  in  the  chamber  by  RF  power 
supply  (100W)  to  activate  the  oxidation  of  Cu. 


RESULTS  AND  DISCUSSION 

In  the  first  place,  we  mention  about  the  result  on  the  (100) 
SrTiO^.  SrTiO^  wafer  used  was  sliced  from  the  single  crystal 
ingot  which  was  prepared  by  Verneuil  method,  and  then 
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Fig. 2  In-situ  RHEED  patterns  observed  during  growth  of  YBCO  on 
(100)  MgO .  “ 


mecanically  polisehed.  The  streaky  RHEED  pattern  was  observed  for 
as-prepared  substrate  surface,  however,  the  backgound  level  was 
relatively  high  and  the  streak  was  not  so  sharp.  We  made  the 
cleaning  of  the  surface  of  the  SrTiOo  by  Ar  ion  bombardment 
(  acceleration  voltage  :  600  eV  )  at  650  °C  for  1  min.  After  this 

treatment  the  back  ground  level  became  very  weak  and  the  streaks 
became  very  sharp.  Then  the  YBCO  film  was  grown  on  this  substrate 
at  650  °C. 

Figure  1  shows  in-situ  RHEED  patterns  during  the  growth  of 
the  YBCO  film  on  the  ( 1 00)  SrTiO,.  In  this  case,  the  in-plane 
epitaxial  relation  between  the  YBCO  and  SrTiO-^  was  [100]  YBCO// 
[100]  SrTiOo  and  [110]  YBC0//[  110]  SrTiO^ .  The  thickness  indicated  at 
the  RHEED  pattern  was  the  monitored  value  by  a  quartz  oscillating 
sensor  located  at  near  the  substrate.  It  is  clear  from  this 
result  that  the  perovskite  structure  of  the  film  was  formed  from 
the  first  atomic  layer  and  no  three  dimensional  nucleation 
occured.  The  streaky  RHEED  patterns  of  the  perovskite  structure 
during  the  film  growth  suggest  that  the  YBCO  showed  a  layer  by 
layer  growth  and  the  film  surface  was  atomically  smooth. 
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From  the  beginning  of  the  film  growth,  extra  streak  pattern 
corresponding  to  the  2aQ  (slq  is  a  lattice  constant  of  the  YBCO) 
appeared.  This  extra  pattern  remained  after  the  substrate  was 
cooled  to  room  temperature.  The  streak  pattern  corresponding  to 
2aQ  was  also  observed  for  the  [110]  incidence  of  the  electron 
beam.  This  superstructure  along  the  a-axis  was  confirmed  by  the 
[hOO]  scanning  of  the  X-ray  diffraction.  Oxygen  content  of  the 
as— grown  film  was  found  to  be  insufficient  because  the  lattice 
spacing  Cq  was  rather  large  (cq=11.75A)  and  the  resistive 
superconducting  transition  was  Tc ( onse t ) =60K ,  and  Tc(R=0)=45K.  In 
order  to  make  a  optimum  oxygen  content,  after  the  deposition  the 
film  was  successively  oxidized  in  the  chamber  below  the  growth 
temperature  under  the  relatively  high  oxygen  pressure  (200Torr). 
After  the  oxidation,  the  extra  streak  disappeared.  We  assume  the 
2x2  superstructure  would  be  originated  from  the  oxygen  vaacancy 
ordering  in  the  grown  film. 

Figure  2  shows  in-situ  RHEED  patterns  during  the  growth  of 
YBCO  on  the  (100)  MgO.  The  (100)  MgO  substrate  was  mechanically 
polished  and  then  chemically  etched  by  a  nitric  acid.  The 
substrate  was  also  etched  in  the  chamber  by  Ar  ion  beam  as  the 
same  with  the  case  of  SrTi0v  On  the  (100)  MgO  the  YBCO  shows  the 
in-plane  epitaxial  relation  as  [  1  00 ] YBC0//[  1  00 ]Mg0  and  [110]YBC0// 
[ 1 1 0]Mg0. 

As  the  MgO  has  the  NaCl  structure,  the  RHEED  pattern  of  the 
substrate  was  made  from  the  streaks  corresponding  to  the  lattice 
spacing  of  a0/2.  When  the  thickness  of  overgrown  YBCO  came  to  3^6 
A,  which  means  the  1^2  atomic  layers  of  the  perovskite  structure, 
the  distinct  streaks  corresponding  to  the  lattice  spacing  of  ag 
which  is  characteristic  for  the  perovskite  structure  appeared  and 
its  intensity  increased  with  the  increase  of  the  thickness.  The 
lattice  constant  aQ  of  the  MgO  at  650  °C  can  be  calculated  to  be 
4.25  A  using  the  thermal  expansion  coefficient  and  we  regard  the 
distance  of  the  streaks  of  the  substrate  to  corresopnd  with  this 
value.  The  lattice  spacing  of  the  YBCO  calculated  from  the 
distance  of  the  streaks  had  a  very  near  value  with  MgO  untill  the 
thickness  came  to  12  A.  However,  when  the  thickness  came  to  24  A, 
the  lattice  spacing  of  the  YBCO  drastically  converted  to  3«9  A, 
which  is  really  the  one  of  the  YBCO  itself. 

In  conclusion,  we  have  demonstrated  that  the  YBCO  showed  a 
layer  by  layer  growth  on  the  (100)  SrTiO^  and  (100)  MgO.  This 
result  gives  a  hopeful  prospect  to  attain  a  highly  perfect  film 
surface  for  fabricating  a  junction  structure. 
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Bai-xKxBi03  THIN  FILMS  PREPARATION  WITH  ECR  ION  BEAM  OXIDATION  AND  THEIR 
PROPERTIES 
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NTT  OPTO-ELECTRONICS  LABORATORIES 
TOKAI-MURA,  IBARAKIKEN  319-11,  JAPAN 


ABSTRACT 

Bai_xKxBi03  thin  Films  were  epitaxially  deposited  on  MgO  substrates  by  using  an 
oxygen  ion  source  of  ECR-type.  As-grown  films  showed  superconductivity,  when 
substrate  temperature  was  about  500  C  and  x  values  0.3  to  0.4.  Measurements  on 
their  lattice  constants,  superconductivity,  and  optical  reflection  were  carried  out. 


INTRODUCTION 

All  the  Cu-based  high  Tc  oxide  superconductors  have  a  Cu-0  layered  crystal 
structure  and  many  researchers  attribute  the  high  Tc  to  those  structures.  Because 
of  the  layered  structures,  oxide  superconductors  have  large  anisotropy  and  very 
small  coherence  length  along  the  c-axis.  On  the  contrary,  Bai-xKxBi03  (BKBO) 
exhibits  a  maximum  Tc  of  30  K  in  spite  of  having  a  cubic  symmetry^1'4).  This  fact 
brings  about  another  possibility  in  the  developement  of  high  Tc  materials. 

Further,  the  coherence  length  will  become  isotropic  and  this  will  be  effective  in 
the  device  application. 

However,  the  preparation  of  BKBO  samples  needs  complicated  processes  involv¬ 
ing  sintering  at  high  temperature  in  a  reduced  atomosphere  and  a  short  time 
oxidation  at  a  low  temperature.  Those  processes  leave  oxygen  defects  and  un¬ 
uniformity  of  K-ions  distribution  in  those  samples  and  such  structural  imperfec¬ 
tion  impairs  their  electrical  properties. 

This  paper  describes  preparation  and  properties  of  BKBO  thin  films  by  using  the 
reactive  evaporation  method  assisted  with  ECR  ion  beam  oxidation.  This  method 
makes  it  easy  for  K  ions  to  be  introduced  into  Films  together  with  other  consti¬ 
tuents.  We  have  succeeded  in  obtaining  superconducting  as-grown  BKBO  films. 


EXPERIMENTS  AND  RESULTS 

The  system  involves  three  K-cells  for  metal  sources  and  an  ECR  (  Electron  Cyclo¬ 
tron  Resonance)  ion  source,  which  was  related  in  our  previous  paper^5).  Based 
pressure  in  the  vacuum  chamber  was  reduced  to  10"4  Pa  with  a  diffusion  pump. 
The  oxygen  beam  was  bombarded  onto  a  substrate  simultaneously  with  three 
evaporated  beams  to  form  oxide  films.  The  ECR  ion  beam  was  introduced  through 
the  outlet  of  10  cm  in  diameter  and  was  accelerated  by  bias  voltage  of  50V.  The  ion 
current  density  was  monitored  by  Faraday  cups.  The  maximum  ion  current 
density  was  300  pA/cm2  using  oxygen  gas  fllow  of  3  SCCM  and  neutralized  to  be  50 
p A/cm 2  with  a  filament  heater.  When  the  ion  beam  was  not  neutralized  or  the 
gas  flow  amount  was  less  than  the  above  value,  as-grown  films  could  not  become 
superconducting.  Granular  metals  of  Ba.  K  and  Bi  were  used  as  metal  sources. 
Metal  composition  in  the  film  was  adjusted  by  controlling  each  evaporation  rate. 
Typical  preparation  conditions  arc  listed  in  Table  1  and  2. 

BKBO  thin  Films  were  deposited  on  (100)  MgO  and  (110)  SrTi03  substrates  at  500’C. 
In  both  the  cases,  the  films  grew  epitaxially  on  the  substrates.  However, when  the 
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composition  was  near  at  x  =  0.2,  cracks  often  arised  in  films.  The  reason  is  not 
clear  at  present. 

Figure  1  shows  the  x-ray  pattern  of  a  BKBO  film  on  a  (001)  MgO.  Small  peaks  of 
other  orientations  were  recognized,  although  the  misfit  of  the  lattice  constants  is 
small(1.2%).  In  the  case  of  SrTi03,  no  such  peaks  were  detected  in  spite  of  a  large 
lattice  constant  misfit  of  11%  against  the  substrates,  because  both  are  of 
perovskite-type. 

Figure  2  shows  K/Bi  dependence  of  the  lattice  constant.  The  lattice  constant 
decreases  with  increase  of  K/Bi  ratio  below  about  0.4  similarly  to  the  result  of 
Hinks  and  others^),  but  it  increases  above  0.4.  The  films  of  x  =  0.25  to  0.4  became 
superconducting. 

Figure  3  indicates  temperature  dependences  of  the  magnetic  moment  at  40  G  of 
an  as-grown  film  whose  K/Bi  ratio  is  about  0.35.  The  sample  thickness  was  about 
500  nm  and  the  area  2x3  mm^.  The  moment  was  rather  reduced  by  annealing  at 
400  *  C  in  an  oxygen  flow  for  2  hours. 

In  Fig.4,  the  change  of  Hci  of  the  same  sample  as  in  Fig.3  is  plotted  against 

temperature,  compared  with  the  data  of  Batlogg  and  others^).  Both  the  data  agree 
with  each  other. 

In  Fig. 5,  the  optical  reflection  of  a  BKBO  film  is  shown  together  with  the  data  of 
a  BPBO  (by  Tajima  and  others^6)).  The  theoretical  curve  of  the  BKBO  film  was 
calculated  by  using  the  same  value  as  in  the  case  of  the  BPBO  sample.  The  plasma 
frequency  of  the  BKBO  film  is  about  700  nm,  while  that  of  the  BPBO  sample  is  about 
880  nm.  The  shorter  wavelength  may  indicate  the  increase  of  the  carrier  density. 

CONCLUSION 

BKBO  thin  films  grew  epitaxially  on  (001)  MgO  and  (110)  SrTi03  substrates  by 
using  a  reactive  deposition  system  with  a  oxygen  ion  source  of  ECR-type.  The 
lattice  constant  agreed  with  the  data  reported,  but  showed  an  increase  above  x  = 

0.4.  The  superconducting  properties  agreed  with  the  data  reported  so  far.  The 
optical  reflection  showed  a  plasma  wavelength  of  about  700  nm.  The  shorter 
wavelength  may  indicate  the  increase  of  the  carrier  density. 
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Table  1  Typical  evaporation  conditions 


deposition  rate 
K  10  A/sec 

Ba  3 

Bi  5 


k-cell  Temp. 
150  *C 
650 
500 


BKBO  3  A/sec 


Table  2  Typical  oxydation  conditions 

Ion  energy  50  eV 

Ion  current  density  150  pA/'cm2 

(before  neutralization) 
50  pA/cm2 
(after  neutralization) 
Substrate  temp.  500  *C  . 


xlO4 


Fig.l  x-ray  diffraction  pattern  of 
a  BKBO  film  on  (100)  MgO. 
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Lattice  constant  (  A  ) 


Fig. 2  Lattice  constant  change  due 
to  K/Bi  ratio. 
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Fig.4  Temperature  change  of  Hci. 
The  film  is  the  same  as 
that  in  Fig.3. 
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Fig.3  Temperature  dependence  of 
the  magnetic  moment  of  a 
BKBO  film. 

The  K/Bi  ratio  is  0.35,  the 
thickness  about  500  nm, 
and  the  area  2x3  mm2. 
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Fig. 5  Optical  reflectance  of  a 

BKBO  film,  compared  with 
a  BPBO  film  (  by  Tajima 
et  al  ) 
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ABSTRACT 

Crystallized  as-grown  Bi (Pb)-Sr-Ca-Cu-O  thin  films  are  formed  by 
laser  ablation  method  at  the  substrate  temperature  as  low  as  480 °C  under 
N2O  gas  flow.  The  as-grown  thin  film  which  has  a  crystal  structure 
consisting  of  four  or  five  Cu-Oo  layers  between  adjacent  Bi 2O2  layers 
can  be  formed  by  combination  of  I^O  gas  flow  and  "successive  deposition 
method"  with  excimer  laser  pulses. 

INTRODUCTION 

We  have  prepared  thin  films  of  Bi-Sr-Ca-Cu-0  (BSCCO)  and  Bi(Pb)-Sr- 
Ca-Cu-O(BPSCCO)  by  laser  ab 1 ation[  1 , 2]  under  N2O  gas  flow,  and  have 
succeeded  in  the  formation  of  crystallized  as-grown  thin  films  at  the 
substrate  temperature  as  low  as  480 °C.  The  films  were  prepared  by  a 
"successive  deposition  method"  (Fig.l)  using  mu  1 ti -targets.  The 
application  of  the  successive  deposition  method  to  the  controlling  of 
the  number  of  CU-O2  layers  in  the  BSCCO  film  was  tried  with  a  multi¬ 
target  magnetron  sputtering  method[3]  at  650  C.  We  have  tried  to 
control  the  structure  of  the  Bi  based  superconducting  films  by  the 
successive  deposition  method  at  lower  substrate  temperatures  with  laser 
ablation  using  activated  oxygen  from  N2O.  By  this  technique,  we  have 
formed  as-grown  Bi (Pb)-Sr-Ca-Cu-O  fi Im  containing  one  to  five  CU-O2 
1  ayers  at  480  *C. 

EXPERIMENTAL 

The  films  are  formed  on  a  MgO(lOO)  substrate  using  pulses  of  ArF 
excimer  laser(193nm)  focused  on  the  target  placed  on  the  opposite  side 
of  the  substrate.  Pellets  of  Bi203,  SrCuOy  and  CaCuO  were  used  as 
targets  for  BSCCO  films,  and  those  of  Bi^Pb^Oy,  SrCuOy  and  CaCuO  for 
BPSCCO  films.  Film  deposition  was  carried  our  successively  from  »i 2^3 
or  BiyPb30  for  20  sec  with  7  Hz  repetition  rate,  SrCuO  for  lOsec, 


Fig.l  A  schematic  representation  of  multi-target  successive 
deposition  for  Bi(Pb)-Sr-Ca-Cu-0  film. 
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CaCuO  varying  length  of  time  and  SrCuOy  for  10  sec  that  consist  of  one 
cycled  The  deposition  time  for  CaCuOy  was  changed  between  50  sec  and 
90  sec  (Fig.l )  in  order  to  prepare  the  films  with  different  numbers  of 
Cu-0p  layers.  The  samples  were  prepared  with  20  -  30  cycles  to  form 
600  -  800A  thickness  under  oxygen  or  N20  gas  flow  maintaining  pressure 
of  10-^  to  1  torr. 


RESULTS  AND  DISCUSSION 

As-grown  films  of  BSCC0  with  700A  thickness  as  obtained  from  20- 
cycle  deposition  under  02  atmosphere  had  very  weak  and  broad  X-ray 
diffraction  peaks  when  the  substrate  temperature  was  600  C.  The  films 
formed  at  lower  substrate  temperature  were  amorphous.  These  results 
indicated  that  the  crystallization  of  the  as-grown  film  did  not  occur  or 
hardly  proceeded  in  those  temperature  regions  under  oxygen  atmosphere. 
At  higher  substrate  temperatures(>600  C),  the  diffraction  peaks  of 
impurity  phase  attributable  to  Bi(Sr,Ca)0y  grew  and  the  peaks  of 
BSCC0  phase  did  not  become  larger.  Therefore,  a  crystallized  as-grown 
film  was  not  obtained  under  these  conditions.  A  weak  and  wide 
diffraction  peak  at  20=  4°-  6°  corresponding  to  002  of  BSCC0  system, 
however,  was  shifted  towards  lower  angles  with  increase  in  the 
deposition  time  of  CaCu0y  in  the  cycle.  This  shift  of  the  peak 
position  indicates  that  the  precursor  of  BSCC0  compound  was  already 
formed  in  the  as-grown  film  and  the  lattice  constant  of  the  c-axis  of 
that  precursor  became  longer  with  increasing  of  the  deposition  time  of 
CaCuO  Therefore,  02  atmosphere  during  deposition  is  not  adequate 
enougn  to  form  a  crystallized  as-grown  film  below  600  C,  but  sintering 
procedure  at  high  temperature  is  needed. 

In  order  to  obtain  crystallized  as-grown  films  at  lower  temperatures 
and  to  control  the  number  of  Cu-02  layers  in  the  structure,  much 
stronger  oxidizing  agent  of  N20  was  used  instead  of  02  gas.  As  the  Pb 
doping  for  this  system  is  known  to  facilitate  the  formation  of  high  Tc 
phase,  BPSCC0  films  are  prepared  by  the  same  successive  deposition 
method  using  BiyPb30y,  SrCu0y,  CaCuOy  targets  at  520°C.  Fig. 2  shows 
the  change  of  the  X-rlay  diffraction  patterns  of  these  as-grown  BPSCC0 
films  against  the  deposition  time  of  CaCuO  These  films  had  a 
thickness  of  600  - ;800A  after  20  -  30  cycle  deposition.  The 
indication  of  the  diffraction  patterns  in  Fig. 2  is  that,  when  the 
deposition  time  of  CaCu0y  was  short,  the  film  had  diffraction  peaks  due 
to  8J1K  phase(double  Cu-02  layers),  its  lattice  constant  c  being 
30.6A.(Fig.2  (a))  As  the  deposition  time  of  CaCuO  increases,  the 
lattice  constant  c  becomes  longer  and  110K,  phase  with  triple  Cu-02 
layers  appears  whose  c-axis  length  is  37. 3A. (Fig. 2  (b))  The  phase 
having  lattice  constant  larger  than  37A  was  obtained  in  the  region  of 
longer  deposition  time  of  CaCu0y.(Fig.2  (c,d))  The  lattice  constants 
c  of  these  phases,  calculated  on  ihe  basis  of  the  indices  shown  in  Fig. 2 
(c,d)  were  43. 5A  and  50. 0A.  These  values  correspond  to  the  lattice 
constant  of  the  structures  having  four  Cu-Ov  layers  and  five  Cu-02 
layers,  respectively,  between  adjacent  Bi202  layers.  Thus,  we  believe 
that  not  only  one  to  three  Cu-02  1 ayer  structures  but  also  four  and  five 
Cu-02  layer  structures  with  the  c-axis  oriented  perpendicular  to  the 
substrate  surface  was  achieved  in  these  films.  These  results  show  that 
the  number  of  Cu-02  layers  even  in  the  as-grown  films  made  at  520  C 
could  be  control  1  ecL  The  diffraction  peaks  of  these  phases,  however, 
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Fig. 3  The  X-ray  diffraction  patterns  of  Bi (Pb)-Sr-Ca-Cu-O 
as-  grown  films  at  480  'C(a,b).  (a)  The  lattice  constant 

c  is  43. 5A  corresponding  to  four  Cu-  O2  layer  structure, 
(b)  The  lattice  constant  c  is  50.0A  corresponding  to 
five  CU-O2  layer  structure. 


shows  that  the  films  contained  some  impurity  phase,  such  as  Bi(Sr,Ca)0y. 
The  film  formation  at  lower  temperatures  was  quite  effective  in  reducing 
the  impurity  phase.  In  the  X-ray  diffraction  pattern  of  the  fi lm 
containing  4  and  5  Cu-0?  layers  as  prepared  at  substrate  temperature  of 
480 °C  (Fig. 3  (a,b)),  the  Bi(Sr,Ca)0y  was  not  seen  though  the  peaks  of 

BPSCCO  became  a  little  bit  weaker.  N  r  „  .  _  , 

In  summary,  the  numbers  of  Cu-02  layers  in  Bi(Pb)-Sr  Ca  Cu  0  can  be 

controlled  by  successive  deposition  method  using  a  laser  ablation  of 
multi-target.  In  BPSCCO  as-grown  films,  the  structure  having  large 

lattice  constant,  of  c7axis  corresponding  to  fou/ .|nnd.rflKve,^u"°2 
structured  43A,  50A)  can  be  formed  even  at  480  C  by  this  method. 

During  the  laser  ablation,  the  introduction  of  di nitrogen  monoxide(N2U) 
gas  definitely  enhances  the  crystallization  of  the  as-grown  fi 1  ms, 
allowing  the  diffraction  peaks  of  BPSCCO  phase  to  be  seen  in  the  as 
grown  films  even  at  the  substrate  temperature  of  480  C.  We  expect  that 
N20  gas  may  be  effective  in  a  film  formation  of  ovher  high-lc 
superconductors  at  lower  temperature. 
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ABSTRACT 

High-Tc  superconducting  Ba2YCu30x  thin  films  have  been  epitaxially  grown 
on  Si (100)  substrate  using  the  epitaxially  grown  tetragonal  Zr02  or  cubic 
yttria-stabilized  zirconia  (YSZ)  as  a  buffer  layer.  The  thin  films  were 
prepared  by  rf  magnetron  sputtering  of  the  stoichiometric  Ba2YCu3Ox  target 
below  700  °C.  The  adequate  positive  substrate  bias  was  necessary  to  make 
surface  smoothness  and  to  show  the  superconducting  transition  above  liquid 
nitrogen  temperature  without  any  post-treatment.  The  highest  Tc( onset)  and 
Tc(end)  observed  were  88  K  and  84  K,  respectively. 


INTRODUCTION 

Since  Bednorz  and  Muller  have  reported  a  possible  high-Tc 
superconducting  La-Ba-Cu-0  [1],  many  scientists  all  over  the  world 
intensify  their  efforts  to  apply  the  high-Tc  superconducting  materials  to  a 
viable  technology.  Especially,  the  technique  to  fabricate  thin  films  of 
the  new  materials  is  indispensable  for  electronic  applications.  In 
literature,  these  films  have  been  only  successfully  deposited  with  smooth 
surface  and  good  superconducting  properties  only  on  single  crystalline 
substrates  such  as  SrTi03,  MgO,  or  Zr02,  so  far.  However,  the  use  of  these 
substrates  brings  disadvantage  for  the  application  of  the  high-Tc 
superconducting  oxide  as  a  part  of  electronic  devices  using  established 
VLSI  technology  based  on  Si.  Although  the  direct  deposition  on  Si 
substrate  has  been  desired,  the  interdiffusion  between  substrate  and  film 
and  cracks  in  the  films  result  in  poor  superconducting  qualities  L 2-5  J  - 
Therefore,  it  has  been  recently  found  that  the  buffer  layers  such  as  Pt, 
MgO,  Si02  and  Zr02  [6-8],  are  quite  useful  for  preparing  good 
superconducting  films  on  Si. 

This  paoer  reports  successful  as— grown  preparation  of  superconducting 
epitaxial  Ba2YCu30x  thin  films  with  Tc(end)  above  80  K  on  Si  using  Zr02  or 
yttria-stabilized  zirconia  (YSZ)  as  the  buffer  layer,  without  any  post¬ 
treatment  by  rf  magnetron  sputtering  with  the  adequate  positive  substrate 
bias. 


EXPERIMENTAL 

Epitaxial  Zr02  [9]  or  YSZ  [10]  (  (Zr02)1_m(Y203)m  :  m=0.09)  films  were 
deposited  on  p-type  Si(100)  substrate  at  800  °C  by  electron  beam 
evaporation  of  Zr02  or  YSZ  pellets  at  a  pressure  of  6.7x10  Pa  (5x10 
Torr) .  Before  deposition,  Si  substrates  were  chemically  and  sequentially 
cleaned  in  a  hot  aqueous  solution  of  HC1  and  H202,  in  an  aqueous  solution 
of  NH/0H  and  H202,  in  diluted  hydrofluoric  acid,  and  rinsed  with  deionized 
water.  The  Si  substrate  was  electrically  heated  by  the  self-resistance. 
The  deposition  rate  of  Zr02  films  was  about  10  nm/min  and  thickness  was 

typically  about  100  nm. 
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The  films  of  Ba2YCu30x  were  deposited  on  ZrC>2/Si(lOO)  or  YSZ/Si(lOO)  at 
V700  °C  by  rf  magnetron  sputtering  [8].  The  target  used  was  stoichiometric 
BapYC^Ojr  powder  which  was  made  by  sintering  the  mixture  of  BaCO^,  X2O3  and 
CuO  at  900  °C  for  8  h  in  02  atmosphere.  Sputtering  carried  out  in 
ultrapure  Ar  +  50^0  %  02  atmosphere  with  sputtering  pressure  of  0.67  to 
4.0  Pa  (5  to  30  mTorr ) .  The  applied  rf  power  was  150  W  for  the  target  of  3 
inch  diameter.  The  Si  substrate  was  electrically  heated  by  the  self¬ 
resistance  and  the  substrate  electrode  was  usually  electrically  grounded. 
The  deposition  rate  was  typically  2^4  nm/min  and  the  film  thickness  was  100 
to  600  nm.  The  crystallographic  properties  of  Ba2YCu30x  films  were 
investigated  by  X-ray  diffraction  (XRD)  and  reflection  high-energy  electron 
diffraction  (RHEED) .  Stoichiometric  and  uniform  formation  of  BapYC^Ox 
films  were  investigated  by  X-ray  photoelectron  spectroscopy  (XPS)  and 
Rutherford  back  scattering  (RBS)  of  2  MeV  He+  ion.  The  temperature 
dependence  of  dc  resistance  of  the  films  was  measured  by  the  conventional 
four-probe  method,  with  dc  current.  The  surface  morphology  of  the  films 
was  observed  by  scanning  electron  microscope  (SEM). 

In  order  to  achieve  stoichiometry  of  the  films  sputtered  on  the 
substrate,  we  put  the  substrate  at  off-centered  position  for  the 
stoichiometric  target  [11,12].  The  substrate  position  was  more  than  4  cm 
away  from  the  anode  center  and  the  distance  between  target  and  substrates 
were  about  2  cm.  The  obtained  composition  by  RBS  analysis  for  these  films 
is  rather  close  to  the  stoichiometry  within  several  percent  accuracy,  with 
the  wide  range  of  sputtering  condition. 


RESULTS  AND  DISCUSSION 

XRD  and  RHEED  pattern  of  as-grown  Ba2YCu30x  (100  nm  thick)  on  Zr02/Si 
proves  the  epitaxial  growth  of  tetragonal  Ba2YCu30x  with  c-axis 
perpendicular  to  the  Zr02  layer .  The  lattice  constant  Cq  calculated  from 
the"  Bragg  angle  of  (006)  reflection  line  is  c0=1 1.789  A  and  the  oxygen 
content  x  is  6.2  [13].  However,  no  superconducting  transition  could  be 
observed  for  the  as-grown  films  above  liquid  nitrogen  temperature. 

To  provide  a  suitable  amount  of  oxygen  into  the  deposited  films  and 
protect  the  films  from  the  bombardment  of  the  charged  particles,  a  positive 
bias  voltage  was  applied  to  the  substrate  since  this  seems  to  achieve  the 
surface  smoothness  and  to  provide  a  suitable  amount  of  oxygen  to  improve 
the  superconducting  properties.  The  applied  bias  voltage  was  the  positive 
range  from  0  to  50  V.'  Figure  1  and  2  show  XRD  and  RHEED  pattern  of  as- 
grown  Ba2YCu30x  (about  200  nm  thick)  prepared  with  bias  voltage  of  40  V  for 
YSZ/Si( 1 00) ,  respectively.  These  figures  reveal  the  epitaxial  growth  of 


Figure  1 

XRD  pattern  of  the  as-grown 
Ba2YCu30x  film  (200  nm  thick) 
prepared  with  the  positive 
substrate  bias  on  YSZ/Si(100). 
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orthorhombic  with  the  lattice  constant  Cq  11  *  67 5  ^  bnd  the  oxygen 
content  x=6.9.  "Tc( onset)  and  Tc(end)  for  the  film  shown  in  Figs.  1  and  2 
were  88  K  and  82  K,  respectively.  Figure  3  shows  the  temperature 
dependence  of  dc  resistance  of  the  biased  film  (bOO  nm  thick)  without  any 
post-treatment.  The  resistance  drastically  starts  to  drop  at  Tc(onset)=  88 
K  and  reached  down  to  zero  at  Tc(end)=  84  K.  Figure  4  shows  the  surface 
morphology  for  a  as— grown  biased  film  (200  nm  thick)  shown  in  Fig.  1  and  2. 
The  biased  film  has  a  fairly  smooth  surface. 


[001] 


Figure  2 

RHEED  patterns  of  the  as-grown 
Ba2lCu30x  fflm  (200  nm  thick) 
prepared  with  the  positive 
substrate  bias  on  YSZ/Si(l00). 


[100] 


Figure  3 

Temperature  dependence  of  dc 
resistance  for  the  as-grown 
Ba2YCu30x  film  (600  nm  thick) 
prepared  with  the  positive 
substrate  bias  on  YSZ/Si(100). 


Figure  4 

The  typical  surface  morphology 
of  the  as-grown  Ba2YCu30x  film 
(200  nm  thick)  prepared  with 
the  positive  substrate  bias  on 
YSZ/Si(l00). 
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CONCLUSIONS 


High-Tc  superconducting  Ba2YCu30x  thin  films  have  been  epitaxially  grown 
on  Si(1 00)  substrate  using  the  epitaxially  grown  tetragonal  Zr02  or  cubic 
YSZ  as  a  buffer  layer.  The  films  were  prepared  by  rf  magnetron  sputtering 
of  the  target  with  the  stoichiometric  composition  Ba2YCu30x  below  700  °C. 
The  as-grown  Ba2YCu30x  thin  films  prepared  with  positive  substrate  bias  and 
with  off-centered  substrates  have  very  smooth  surface  and  show  the 
superconducting  transition  above  liquid  nitrogen  temperature  without  any 
post-treatment.  The  highest  Tc(onset)  and  Tc(end)  observed  are  88  K  and  84 
K,  respectively. 
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ABSTRACT 

The  Bi-O/Sr-Ca-Cu-O  multilayered  films  have  been  synthesized  by  two 
target  reactive  magnetron  sputtering.  It  is  shown  that  the  modulation  wave 
length  A,  corresponding  to  c/2  of  the  crystal,  can  be  simply  controlled  by 
varying  the  the  deposition  time  for  one  layer  unit  of  Sr-Ca-Cu-0  while 
that  for  Bi-0  being  kept  constant.  The  resultant  films  Have  been  found  to 
have  smooth  surface  and  have  A  ranging  from  12  to  26  A  which  is  almost 
equal  to  the  lattice  constant  c/2  found  in  the  bulk  Bi-Sr-Ca-Cu-0  system. 
The  layered  structure  has  been  confirmed  by  transmission  microscopy.  Their 
thermal  stability  will  also  be  reported. 


INTRODUCTION 

Soon  after  the  discovery  of  multiphase  oxide  superconductors  in  the 
Bi-Sr-Ca-Cu-0  system  [1],  it  was  realized  that  these  phases  can  be 
distinguished  by  the  number  of  CuCa02  perovskite  layers  sandwitched  by  two 
BiSr05/2layers  [2].  Frequent  observations  of  many  phases  having  different 
numbers  of  CuCa02  layers,  ie  Bi2Sr2CanCun+10x  (n=0-4)  [3]  suggest  that  the 
free  energy  of  these  phases  has  no  sharp  minimum  against  the  number  of 
CaCu02  layers.  In  contrast  to  the  difficulty  of  obtaining  a  single  phase 
by  the  conventional  solid  state  reaction,  it  becomes  recently  clear  that 
the  multilayer  deposition  technique  is  one  of  the  most  promising  methods 
to  obtain  a  single  phase  having  the  desired  layer  thickness  [4  and  5].  We 
have  attempted  to  synthesize  films  with  n=0  to  4  using  the  two  target 
multilayer  deposition  technique.  We  shall  report  some  new  results  on  the 
structure  and  superconduct ing  property  of  these  films. 


EXPERIMENTAL 

The  deposition  technique  used  was  two  target  reactive  dc  and  rf 
magnetron  sputtering.  Targets  were  metallic  Bi  (dc)  and  sintered  oxide 
Sr-Ca-Cu-0  (rf)  with  a  cationic  ratio  2:2:2  in  the  above  order.  The 
reactive  gas  was  Ar-10%02  which  was  blown  directly  to  the  substrate 
through  oxygen  nozzles.  The  total  pressure  during  the  sputtering  measured 
in  the  vicinity  of  the  targets  was  1  to  1.2  Pa.  The  substrate  was  cleaved 
(001)  MgO  and  the  substrate  temperature  (Ts)  was  varied  from  RT  to  700*C. 
The  modulation  wave  length  A  was  adjusted  by  changing  the  sequential 
deposition  time  for  each  layer,  typically  5W  x  9s  for  the  Bi-0  layer  and 
140W  x  16  to  36s  for  the  Sr-Ca-CuO  layer;  the  sequence  was  repeated  100 
times  to  obtain  a  multilayered  film.  To  see  the  effect  of  annealing  , the 
films  were  posted -annealed  in  air  at  660,  730,  810,  850  and  870°C  for  1  to 
3  h.  The  resultant  films  were  characterized  by  the  conventional  Q~2Q  Cu  Kor 
X-ray  diffraction  (XRD) ,  and  by  taking  EDAX  analysis,  high  resolution  SEM 
images  (HRSEM)  and  high  resolution  transmission  electron  micrographs.  The 
electrical  resistivity  was  measured  by  the  conventional  four  probe  method. 
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RESULTS  AND  DISCUSSION 

In  order  to  obtain  a  desired  modulation  wavelength  A  of  a  multilayered 
film  deposited  at  a  given  substrate  temperature,  we  have  kept  the 
deposition  time  for  the  Bi-0  layer  constant  and  varied  that  for  the 
Sr-Ca-Cu-0  layer.  When  the  Sr2Ca2Cu2  oxide  target  alone  was  sputtered  on 
to  the  substrate  kept  at  room  temperature,  the  composition  became 
approximately  1:1:1.  ie  Cu/(Ca*Sr)=0.5.  When  the  Bi  and  oxide  targets  were 
sputtered  alternately  to  form  a  multilayered  film,  the  composition  of  the 
film,  ie  Cu/(CatSr)  was  found  to  depend  significantly  on  the  amount  of  Bi 
in  the  film.  Figure  1  shows  such  a  relation  observed  in  the  films 
deposited  at  various  substrate  temperatures.  The  Sr  to  Ca  ratio  in  the 
films  was  almost  independent  of  the  sputtering  conditions  and  was  found  to 
be  around  0,8.  The  thick  line  in  the  figure  shows  a  relation  between  the 
Cu/(Sr+Ca)  ratio  and  Bi  concentration  calculated  from  the  ideal 
composition  Bi2Sr2Ca„Cu„+1Ox .  The  observed  dependence  of  the  Cu/(SrfCa)  on 
the  Bi  concentration  (and  consequently  on  A)  tells  us  that  the  sticking 
coefficient  of  each  component  is  not  only  the  function  of  the  substrate 
temperature  but  also  of  the  relative  concentration  of  each  component.  Any 

deviation  from  the  ideal  composition,  ie  n=0,l,2 . ,  indicates  the 

presence  of  chemical  disorder  in  the  present  film. 

Figure  2  shows  the  X-ray  diffraction  patterns  of  the  multilayered  films 
deposited  at  Ts=650°C.  The  index  2,2 ,n, (ntl)  in  the  figure  shows  that  the 
produced  film  was  attempted  to  simulate  to  Bi 2Sr2CanCun+jOx  (n-0  4).  All 
the  diffraction  lines  can  be  assigned  to  (00.0).  Those  patterns  for  n=0  to 
3  are  nearly  similar  to  the  recently  published  results  [4]  except  for  the 
fact  that  the  present  patterns  show  no  significant  peaks  arising  from 
impurity  phases  such  as  CuO.  Since  the  diffraction  peaks  observed  at  26= 
29®(Figure  2)  arise  from  a  single  unit  of  stacking,  the  present 
as-deposited  multilayered  film  must  be  crystalline. 


Bi  conc.(  at  .%) 

Figure  1  The  molar  ratio  Cu/(CatSr)  vs  Bi  concentration 
(atomic  fraction  of  cationic  ions)  in  as-deposited 
multilayered  films. 


58 


10 


12 


14 


LA 


16 


12 


Figure  2  X-ray  (Cu  Ka). 
diffraction  pattern  of  the 
as-deposited  multilayered  films 
(Ts=650°C),  simulated  to  the 
2201,  2212,  2223,  2234  and  2245 
phases,  respectively.  The 
integer  £  marked  on  the 
diffraction  lines  represents 
the  index  £  of  the  diffraction 
line  arising  from  (00£)  planes. 
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,  ,ut  i  vlf.  surface  of  the  present  multilayered  film 

The  HKSEM  image  shows  that  the  -  « ,  nor  precipitates  are  found 

is  smooth  indeed  and  neither  gra  contrast  with  that  of  the  films 

in  the  figure .  The  smooth  surface  in [  ^  oxide  onto  the 

SPUUrbstra?e  kepJ^^G^c'  in  which  many  fine  grains  were  found  to 
same  su  ■_  resistivity  vs  temperature  curve  of  the  as  deposite 

ss  fr<” 

anneal ed'above^SlO^C ,  it  became  superconducting  except  for  the  film  of 
the  shortest  A.  ie  the  transmission  electron  micrograph  of 

tb/cross  section  of  the  multilayered  2234  film  which  was  annealed  for  1  h 
o10oc  Wel]  developed  layered  structures  are  clearly  seen  m  the 
r  The  attlce  constant  c  is  evaluated  to  be  43  X  which  is  in 

2=^iTtiC.  expectation 

°f  The  X-rayeandeHRSErstudies!  however,  showed  that  the  major  phase  2234 
me  a  y  2201  phases  on  the  surface  of  the 

mult ilaje^edn2234  film  when  annealed  for  1  h  at  850*C  More  detailed 
studies  on  the  thermal  stability  will  be  reported  m  the  conference. 

Main  parts  of  this  report  were  based  on  the  paper  to  appear  in  Jpn. 
J.Appl.  Phys.  Letter. 


Figure  3  The  high  resolution  transmission  electron 
micrograph  of  the  cross  section  for  the  multilayered  2234 
film. 
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ABSTRACT 

Epitaxial  film  growth  of  artificial  (BiO)/(SrCaCuO)  layered  structures  on  MgO 
substrate  was  studied  by  using  oxygen-gas-reactive  dual  ion  beam  sputtering  and 
shuttering  technique.  Single  phase  films  having  periodicities  of  12,  15,  and  18A 
(which  are  identical  to  bulk  24,  30,  and  36A  phases)  were  selectively  grown  by 
adjusting  the  thickness  of  SrCaCuO  layer  sandwiched  by  BiO  bi-planes.  High  Tc 
phase  film  with  total  thickness  of  about  300A  showed  a  onset  Tc  of  110K  and  a  Tc 
end  point  of  45K  without  post-deposition  annealing.  The  shuttering  technique 
seems  to  enable  the  layer  by  layer  film  growth  and  it  is  very  effective  for  the 
formation  of  smooth  and  perfect  epitaxial  structure. 


INTRODUCTION 

Epitaxial  film  growth  of  the  recent  high  Tc  oxide  superconductors[l,2  ,3]  are 
quite  important  not  only  for  application  to  electrical  devices  but  also  for  studying 
superconducting  properties  of  the  oxides  and  thus  contributing  to  the  basic 
understanding  of  superconducting  mechanism[4,5].  The  Bi  oxide  superconductors 
have  quite  attractive  layered  structure  where  BiO  bi-planes  sandwiches  SrCaCuO 
perovskite  type  layers  and  the  origin  of  the  high  temperature  superconductivity  is 
considered  to  relate  to  the  layered  structure.  The  purpose  of  this  research  is  to 
investigate  the  possibility  of  artificial  structure  control  of  the  oxide 
superconductors.  In  this  study,  we  used  oxygen-gas-reactive[6,7]  dual  ion  beam 
sputtering[8,9].  Ion  beam  sputtering  seems  to  provide  the  best  controllability  for 
flux  rate  of  oxide  source  material  because  of  the  sputtering  beam,  stability  in 
oxygen  environment  and  to  have  an  advantage  for  the  substrate  being  free  from 
the  influence  of  sputtering  plasma.  The  shuttering  technique  for  epitaxial  film 
growth  is  expected  to  enable  a  new  artificial  structure  which  could  not  be 
synthesized  by  thermal  equilibrium  process. 


EXPERIMENTAL 

The  sputtering  system  is  provided  with  two  sputtering  sources  and  two 
shutters  controlled  by  microcomputer  connected  with  film  thickness  monitors.  An 
electron  gun  is  also  equipped  for  in  situ  observation  of  reflected  high  energy 
electron  diffraction(RHEED).  Two  Kaufman  type  ion  sources  having  hollow 
cathodedon  Tech)  were  used  for  sputtering  and  the  space  inside  the  vacuum 
chamber  was  neutralized  by  a  hollow  cathode  neutralizer.  Oxygen  gas  was 
directed  to  the  substrate  from  the  special  gas  nozzle  which  encircles  the  substrate 
to  keep  the  uniformity  of  gas  pressure  at  the  substrate.  The  substrate  temperature 
and  the  oxygen  gas  pressure  at  the  substrate  were  fixed  to  typical  values  of  605°C 
and  6  X  10  “dorr  respectively.  The  targets  of  B^Os  and  Sr^Ca2Cu30x  were  used 
and  film  growth  rate  was  about  0.18A  for  Bi  oxide  and  O.IOA  for  SrCaCuO.  Film 
growth  by  shuttering  technique  is  performed  by  controlling  the  shutter-opening¬ 
time  for  each  source  material.  In  this  experiments,  all  film  structure  was  fixed  to 
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r  4.  10  A  cirPuPiin  buffer  laver  and  additional  16  periods  of  (BiO)/(SrCaCuO) 
“hS ’£ ^identical  to  8  unit  cells  of  bulk  superconductor.  The  buffer  layer 
J  1  r  oVinnt  1 2  A  Qeems  to  be  crucially  important  to  achieve  perfect  epitaxial 

thickness  of  about  12A  seems  to ^ecmc^e  y^  relaxed  ^  ,attice  mismatchiug 

between  the  MgO  |j£straU •  ^ cUon  patternsmggettS'th^'Ste 

by6mainly0in-sftu  RKffiED  ^X^ray^diffracti cm  and  ^probe^es^tivity  measurement. 


RESULTS  AND  DISCUSSION 

TTiim  o-rnwth  of  artificial  (BiO)/(SrCaCuO)  layered  structures  were  successfully 

performe^on  UOOlMgO^urface  with  12A  Azimuths 

sequential  change  oflfflEED  patterns  along  100  d  10  ?odicities  of 

?u-o"f4wlSrCub-Toi)^  Kg 1$ ^and(e?are  the  patterns  of  thehlgO  substrate 

2fth  <100> azimuth  lid  <lll>  azimuth,  respectively.  Fig.l(b)  and  (f)  are  the 
^a  terns  after  grow  ng  ?he  12A  of  SrCaCuO  buffer  layer.  The  diffused  pattern 
FndiSted  the  laSre  rflaxation  of  buffer  at  the  surface.  Fig.l(c)  and  (g)  show  the 
natterns  after  the  growth  of  8  periods  (  corresponding  to  4  units  cell  of  the  bulk 
phase  )  on  buffer.  gFig.l(d)  and  (h)  show  the  pattern  after  16  unit  layers  The 
rlictinrt  <;tpaks  suggests  that  the  extremely  smooth  and  highly  ordered  film 
surface  The  epitafial  relationship  is  [100]BiSrCaCuO//[100]MgC The  c|^r 
lines  and  the  strong  streaks  on  the  both  sides  are  indexed  as  (000),  (200),  and  (200). 
TSecfear  but  weak superspots  due  to  the  incommensurate .modern 
oln„ffu  c vie  in  a  bulk  single  crystal  also  appears  along  both  the  MgU  <•  iou  ana 
<010>  arimuth,  which  indicates  that  is  composed  of  two  sets  of  epitaxial  grains, 
originating  from  two  equivalent  directions  of  incommensurate  structure. 

Tnblp.l  Results  of  artificial  Film  Growth 


Sample 

designed 

structure 

No 

<BiO/SrCaCuO> 

periodicity 

second  phase 

Tc  (k) 

(A) 

AX 2  (A) 

onset-end 

(a) 

<  5.5/13  > 

36.8 

+ 

110-45 

(b) 

<5.5/8.5> 

30.1 

not  detected 

70-25 

(c) 

<5.5/6.5> 

24 

not  detected 

non  super 

symbol"  +  "  indicated  the  Film  contains  a  small  amount  of  second  phase 


Tbe  neriodicities  of  epitaxial' films  were  artificially  controlled  by  adjusting  the 
thickness  of  SrCaCuO  layer.  Fig.2  shows  the  X-ray  diffraction  patterns  of  the 
f  i  •  j_t_  q  A  (b^30  lA  and  (c)24A  phases  and  these  result  are  summarized 

sh°^ the  s 

low  angle  diffraction  caused  from  extremely  thin  and  smooth  film.  The  JP®**  t 
peak  angle  of  low  angle  oscillation  indicated  the  film  thickness  about  300 A  which 
Ev  idential  to  the  designed  value  of  the  film  thickness.  The  superconductivity  of  as 
grown  film  with  ISA  periodicity  (which  is  identical  to  36A  phase  of  bulk  crystal) 
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shows  a  Tc  onset  of  110K  and  the  end  point  of  45K  without  post-deposition 
annealing.  The  depressed  Tc  compared  with  the  bulk  high  Tc  phase  may  indicate 
the  insufficient  oxidation  during  film  growth. 


SUMMARY 


In  conclusion,  we  demonstrated  the  artificial  (BiO)/(SrCaCuO)  layered 
structures  epitaxially  grown  on  (100)  MgO  substrate  by  using  oxygen-gas-reactiye 
dual  ion  beam  sputtering.  Films  with  artificial  periods  of  12,  15,  and  18A  were 
selectively  prepared  bjr  controlling  the  SrCaCuO  layer  thickness.  The  shuttering 
is  very  effective  to  form  the  smooth  and  epitaxial  films.  The  layer  by  layer  film 
growth  seems  to  be  achieved. 
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ABSTRACT 

Superconducting  thin  films  of  the  Tl-Ca-Ba-Cu-0  system  with  a  c-axis 
orientation  were  prepared  on  (100)  MgO  substrates  by  rf  magnetron 
sputtering  and  subsequent  annealing.  The  growth  of  superconducting 
phases  is  strongly  dependent  on  the  annealing  condition.  Highly  c-axis 
oriented  films  comprised  of  2122,  2223,  1223  and  1324  phase  were 
synthesized  by  controlling  the  annealing  conditions  and  varying  film 
thickness.  These  annealed  films  exhibited  superconductivity  with  the 
zero-resistance  temperature  above  100  K  and  the  critical  current  density 
larger  than  10~*  A/cnr  at  77  K. 


INTRODUCTION 

Rare-earth-f ree  superconductors  of  the  Bi-oxide  system  [1]  and  the 
Tl-oxide  system  [2]  have  drawn  considerable  attention  and  have  been 
studied  by  many  researchers.  It  is  well  known  that  superconducting 
systems  have  some  superconducting  phases  with  different  Tc  for  the  number 
of  Cu-02  layers  between  the  Bi  — 0  or  Tl-0  bi  layers.  The  number  of  Cu-0o 
layers  is  two  for  the  lower  Tc  phase  with  a  composition  ratio  of  2:1:2:2 
in  Bi:Ca:Sr:Cu  or  Tl:Ca:Ba:Cu  (2122  phase)  and  three  for  the  higher  Tc 
phase  with  that  of  2 : 2 : 2 : 3  (2223  phase).  Recently,  new  phases  of  the 
form  TlCan_i Ba2Cun02n+3  were  discovered  for  n=l —5  [3,4].  This  new  T1 
oxide  system  contains  n  Cu-C^  layers  between  the  Tl-0  monolayer.  In 
order  to  investigate  an  essential  mechanism  of  these  superconductors  and 
apply  to  electronic  devices,  much  effort  has  been  paid  for  the 
development  of  the  high-quality  superconducting  thin  films  [5-7].  We 
have  succeeded  in  the  preparation  of  highly  oriented  c-axis 
T1 2Cao  Ba2  Cu^O^  [8],  T^Ca-i  Ba2Cu90^  [9]  and  T1 -j  Ca2Ba2Cu^0^  [10]  thin  films 
by  rf"  magnetron  sputtering.  In  this  paper,  growth  conditions  of  some 
superconducting  phases  in  thin  films  are  reported. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Tl-Ca-Ba-Cu-0  thin  films  were  deposited  onto  polished  (100)  MgO 
substrates  using  an  rf-planar  magnetron  sputtering  system.  The  target  was 
obtained  by  reacting  a  mixture  of  BaCO^  (99.9%)  and  CuO  (99.9%)  at  880  °C 
for  about  8  h  in  air  followed  by  sintering  a  mixture  of  T1 2O3  (99.5%), 
CaCO^  (99%)  and  previously  reacted  BaCO^+CuO  powders  in  a  covered  alumina 
crucible  at  910  °C  for  about  8  h  in  air.  The  typical  sputtering 
conditions  are  shown  in  Table  I.  The  sputtering  time  was  changed  between 
1  h  and  10  h  yielding  thicknesses  of  the  as-sputtered  films  ranging  from 
0.4  pm  to  4  pm.  The  structure  of  the  films  was  characterized  by  an  X-ray 
diffraction  technique  with  Cu  Ka  radiation.  The  composition  /of  the 
films  was  determined  by  inductively  coupled  plasma-emission  spec/trometry 
and  electron-probe  X-ray  microanalyses.  The  temperature  dependence  of 
the  resistivity  was  measured  by  the  standard  dc  four-probe  method  with 
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Table  I.  Sputtering  conditions. 


Target 

Substrate 

Substrate  temperature 
Sputtering  gas 
Gas  pressure 
rf  input  power 
Deposition  rate 


T1 : Ca: Ba: Cu=2: 2: 1-2:3 
(10  cm  in  diameter) 
(100)Mg0 

200  °C  (not  controlled) 

Ar: 0p=l :  1 

0.5  Pa 

100  W 

0.4  ym/h 


gold  electrodes  deposited  on  the  films  surface.  The  as-sputtered  films 
were  generally  an  insulator  in  the  amorphous  state. 

In  oredr  to  obtain  superconductivity,  heat  treatments  were  carried 
out  in  an  electric  furnace  under  oxygen  gas  stream.  Following  two 
methods  were  tried  for  these  treatments; (1  )the  specimens  were  annealed  in 
the  alumina  crucible  supplying  T1  vapor,  (2)the  specimens  were  wrapped  in 

qold  foil  and  annealed.  „  ■, 

First,  the  results  for  the  former  annealing  method  with  the  supply 
of  T1  vapor  are  reported.  The  Tl-Ca-Ba-Cu-0  thin  films  of  0.4  pm  and  2 
pm  in  thickness  were  annealed  at  900  °C  for  1  min  in  order  to  investigate 
the  growth  of  superconducting  phase  in  the  different  film  thickness.  e 
deposited  films  were  obtained  from  the  sputtering  target  of 
TloCaoBa-i Cuo0Y.  By  XRD  analyses,  the  2122  phase  was  confirmed  for  the 
0.4-ym  tn i ck  film  and  the  2122  and  2223  phases  were  confirmed  for  the  2- 

The  XRD  patterns  of  2-ym  thick  Tl-Ca-Ba-Cu-0  thin  films  obtained  for 
various  annealing  time  at  900  °C  are  shown  in  Fig.l.  The  2122  phase  was 
dominant  in  the  films  annealed  for  the  annealing  time  shorter  than  3  min. 
On  the  other  hand,  in  the  films  annealed  for  the  annealing  time  longer 
than  3  min,  the  2223  phase  was  dominant.  In  case  of  the  annealing  time 

longer  than  10  min,  only  the  2223  phase  was  observed.  This  film  showed 
highly  c-axis  orientation  with  lattice  constant  c  of  35.6  A.  The  hig  es 
onset  temperature  of  125  K  and  the  zero-resistance  temperature  of  118  K 
were  obtained  when  the  film  was  annealed  for  13  min  at  900  0.  1  be 

critical  current  density  was  larger  than  10  A/cm  .  When  the  2-ym  thick 
film  was  annealed  at  890  °C  for  13  min,  the  crystal  structure  consisted 
of  the  2122  and  the  2223  phases.  When  films  were  annealed  at  9 10  t  tor 
13  min,  crystal  structure  constructed  by  single  phase  of  2223  was 
obtained,  but  these  onset  temperatures  were  lower  than  those  for  the 
films  annealed  at  900  °C  for  13  min.  Further,  the  thin  film  of  the  2122 
phase  with  the  zero-resistance  temperature  of  102  K  and  the  xritical 
current  density  larger  than  10“*  A/cm  at  77  K  could  be  obtained  when  t  e 
0.4-ym  film  was  prepared  from  the  T^Ca^E^CujO^  sputtering  target  and 
annealed  at  900  °C  for  1  min.  This  film  exhibited  a  highly  c-axis 
orientation  with  lattice  constant  of  c=29.25  A. 

Secondly,  the  results  obtained  for  the  annealing  by  using  gold  toil 
are  refered.  In  order  to  investigate  the  effect  of  the  annealing 
conditions  on  the  crystal  structure  and  the  superconducting  properties QOf 
the  films,  the  annealing  temperature  was  varied  between  890  and  910  0, 

and  the  annealing  time  was  set  to  1  or  2  min.  Figure  2  shows  the  X-ray 
diffraction  patterns  for  four  annealed  films  with  different  thickness. 
The  films  were  prepared  from  a  TloCa^Ba-]  Cu^O  target  and  annealed  at  900 
°C  for  1  min.  As  is  seen  in  Fig. 2,  all  of  the  X-ray  patterns  show  sharp 
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fig. 1 .  X-ray  diffraction  patterns  for 
2-ym  thick  Tl-Ca-Ba-Cu-0  films 
annealed  by  supplying  T1  vapor  at  900 
°C  for  different  time; (a)3, (b)5  and 
(c)ll  min.  Dark  spots  and  arrows 
indicate  c-planes  of  2122  phase  and 
2223  phase,  respectively. 


FIG. 2.  X-ray  diffraction  patterns  for 
Tl-Ca-Ba-Cu-0  films  annealed  by  Au 
foil  at  900  °C  for  1  min  with 
different  thickness;  (a)0.4,  (b)1.2, 
(c)2  and  (d )2 . 8  pm. 


periodical  peaks.  These  patterns  suggest  that  the  c-axis  orientation 
normal  to  substrate  surface  was  obtained  on  the  crystal  structure  of 
these  films.  For  the  films  with  2  and  2.8  ym  thicknesses,  their  (00m) 
peaks  shown  in  Figs. 2(c)  and  (d)  can  be  assigned  by  the  di ^f^ctAionTU of 
the  T1 1 CaoBapCu^O  (1324  phase)  with  the  lattice  constant  c-19.05 »  A.  This 
value  agrees  well  with  the  result  reported  for  bulk  materials  [4 J.  e 
appearance  of  the  peaks  correspondi ng  to  the  T1 -|  CaoBapCu^  (1223  phase) 
in  the  diffraction  pattern  of  the  2.8-ym  thick  film  indicates  that  this 
sample  also  contains  a  small  amount  of  the  1223  phase.  In  both  annealed 
films,  the  (001)  reflection  was  not  observed.  For  the  film  with  0.4  ym 
thickness,  its  diffraction  pattern  shown  in  Fig. 2(a)  is  dominated  by  the 
regularly  spaced  (00m)  peaks  of  the  2122  phase.  The  diffraction  pattern 
for  the  1.2  ym  thick  film  shown  in  Fig. 2(b)  is  found  to  correspond  to  the 
1223  phase  with  lattice  constant  of  c=15.9  A  [7].  The  above  experimental 
results  indicate  that  the  growth  of  these  phases  under  the  same  annealing 
conditions  depends  on  the  thickness  of  the  films.  This  phenomenon  may  be 
attributed  to  the  decrease  of  the  T1  content  in  films  with  the  increase 
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of  the  film  thickness.  The  2-pm  thick  film  showed  the  highest  onset 
temperature  of  120  K  and  zero-resistance  temperature  of  ll^K  in^hese 
annealed  films.  The  critical  current  density  of  about  10  A/cm  was 

°btalTod obtain  the  optimum  annealing  conditions  for  the  formation  of  the 
1324  phase  with  a  high  c-axis  orientation,  the  2-  and  2.8  um  thick  films 
were  annealed  at  various  temperature  for  1  and/or  2  mm.  The  crystal 

phases,  onset  temperature  and  zero-resistance  temperature  were 
investigated  on  these  annealed  films.  The  1223  phase  appeared  when  the 
films  were  annealed  at  900  °C  for  2  min  and  at  910  C  for  1  or  2  m  ■ 
The  onset  temperature  and  contents  of  Ca  and  Cu  decreased  w 
increase  of  the  annealing  temperature  and  annealing  time.  It  can  be 
concluded  that  the  annealing  at  900  C  for  1  min  is  most  suitable  lo 
obtain  the  1324  phase.  The  increase  of  the  annealing  temperature  and 
resulted  in  the  relative  decrease  of  Cu  content.  This  decrease  is 

considered  to  be  the  cause  for  growth  of  1223  phase  We  telieve  tha. 

relatively  high  Cu  and  Ca  contents  are  necessary  for  the  formation  of  the 
1324  phase  in  thin  films.  The  annealing  at  890  C  usually  gives  the  2122 
phase  which  contains  a  higher  T1  content  than  the  1324  and/or  the  1223 

PhaS!n  conclusion,  we  have  succeeded  in  the  preparation  of  highly 
oriented  c-axis  Tl-Ca-Ba-Cu-0  thin  films  with  2122,  2223  and  1324  phases 
by  rf  magnetron  sputtering  and  post  annealing.  It  can  be  concluded  that 
the  annealing  with  supplying  T1  vapor  is  suitable  to  obtain  the  phase 
with  the  Cu-09  layers  between  the  Tl-0  bilayers  and  the  annealing  with  Au 
foil  to  avoid*"  a  decrease  of  T1  is  suitable  to  obtain  the  phase  with  the 
Cu-0o  layers  between  Tl-0  monolayers.  The  critical  current  density  at  // 
K  was  larger  than  105  A/cmZ  for  all  the  superconducting  phases.  Tne 
larger  critical  current  density  can  be  expected  by  the  finer  controlled 

supply  of  T1  vapor  at  the  annealing. 

The  authors  would  like  to  thank  Drs.  S.Hatta,  J.Zhou,  S.Kawashima 

and  T.Mitsuyu  for  their  useful  discussions. 
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ABSTRACT 

In  order  to  improve  the  critical  current  density  of  Ag  sheathed  tapes, 
various  attempts  have  been  tried  to  make  tapes  as  thin  as  possible.  The 
pressing  was  most  effective  at  present  for  obtaining  a  large  critical 
current  density.  Also  the  use  of  hydrogen  gas  reduced  powder  was  effective 
to  eliminate  the  thermal  induced  microcracks  and  resulted  in  the 
improvement  of  the  critical  current.  The  best  ^value  of  the  critical 
current  density  in  the  present  study  was  5280  A/cm  at  77K. 


INTRODUCTION 

The  present  oxide,  BaoYCu_0  was  found  to  }have  potentially  the 
promising  superconducting  pr5periE:ies*  The  superconducting  critical  current 
of  the  thin  film  prepared  by  CVD  technique  ha^  been  recently  reported  to  be 
very  high  at  77.3  K,  exceeding  6x10^  A/cm  even  at  27  T  [ll.  In  the 
technological  view  point  for  manufacturing  the  long  scale  magnetic  wires, 
it  is  necessarv  to  develope  a  more  sophisticated  mass  productive  process. 
The  so  called  powder-in-tube  technique  is  very  vital  for  this  purpose.  In 
order  to  achieve  high  transport  critical  current  for  the  composites  of 
sintered  powder  sheathed  by  silver  tube,  several  techniques  for  improving 
this  process  have  been  developed  till  now.  The  situation  has  been  recently 
reviewed  [ 2 j .  In  this  report,  the  effect  of  cold-working  on  the  critical 
current  density  as  well  as  the  use  of  hydrogen  gas  reduced  powder  will  be 
discussed  from  the  microstructural  viewpoint. 


EXPERIMENTAL  PROCEDURE 

The  process  employed  here  was  essentially  a  conventional  powder-in-tube 
method,  of  which  the  detail  was  reported  elsewhere[3,4] .  The  mixture  of 
BaCO  ,  Y  0.  and  CuO  powders  with  stoichiometric  proportion  according  to  the 
formula  2Ba7YCu,0  was  calcined  at  1175  K  for  175  ks.  Instead  of  Y2°3» 
the  rare  eartli  oxide,  Ho^O-  was  used  in  a  part  of  the  experiments.  The 
product  was  reground  and  filied  in  a  silver  tube  with  inner  diameter  (I.D.) 
of  4  mm.  The  composite  was  deformed  to  the  tape  by  the  following 
alternative  cold  -  working  techniques.  (1)  After  it  was  thinned 
intermediately  by  a  grooved  -  rolling,  the  wire  with  I.D.  of  about  1  mm 
was  cold-rolled  to  make  tape  specimen'.  The  thickness  of  oxide  layer  in  the 
tape  was  controlled  in  the  range  between  500  and  30jjm.  (2)  After  it  was 
thinned  by  wire  -  drawing  up  to  0.2  mm  I.D.,  the  wire  was  finally  cold  - 
pressed.  The  above  two  techniques  are  called  "  cold  -  rolling"  and  "  cold 

-  pressing  ",  respectively.  Both  silver  sheathed  tape  specimens  were  heat 

-  treated  at  1203  K  for  72  ks  and  then  cooled  gradually  with  cooling  rate 
of  5  K/min.  In  case  of  the  cold-rolling  technique,  the  hydrogen  gas  reduced 
powder  was  partially  used,  of  which  details  have  been  reported  elsewhere[5] 
.  The  reduced  powder  consisted  of  BaO,  Y^0_  (or  Hoo0,)  and  metallic  copper. 
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Fig.  1  Critical  current  density 
as  a  function  of  tape-thickness 
of  Ba2YCu306+x  measured  at  4.2K. 


The  transport  critical  current  measurements  have  been  performed  at  both 
temperatures  of  77  K  and  4.2  K  with  criterion  of  1  pV/cm.  The  critical 
current  density  is  defined  as  the  current  divided  by  the  cross  sectional 
area  of  oxide  phase.  After  the  partial  removement  of  silver  sheath  and 
polishment  of  the  tape  specimen,  the  microstructure  was  examined  by  a 
polarization  microscope.  The  crystallographical  orientation  of  grains  was 
investigated  by  X-ray  pole  figure  technique. 


RESULTS  AND  DISCUSSION 


Effect  of  Hydrogen  Gas  Reduction:  The  present  process  seemed  to  be 

advantageous  in  several  points .  The  metallic  composite  has  a  high 
workability.  The  generation  of  cracks  due  to  thermal  tensile  stress  during 
heating  is  essentially  avoided.  At  the  stage  of  oxidization,  the  oxide 
layer  is  grown  under  compressive  stress  and  a  preferred  orientation  is 
obtainable  in  arrangement  of  grains.  Fig.  1  shows  the  change  of  critical 
current  density  as  a  function  of  tape  thickness  of  specimens.  At  4.<.  , 


Fig.  2  Magnetic  field 
dependence  of  critical 
current  density  at  4.2  K. 
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Fig.  5  Critical  current  density  at  77  K  as  a  function  of  thickness 
of  Ba2YCu506+x  oxide  layers  made  by  both  cold-rolling  and  pressing. 
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(a)  Cold-Rolling  (bj  Pressing 

Fig.  4  Microstructure  at  the  cross-section  of  tape  specimens 
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(a)  Cold-Rolling  (b)  Pressing 

Fig.  5  (003)  pole  figure  from  the  tape  surface. 


the  current  density  stayed  maximumly  up  to  3000  A/ cm".  The  current  density 
for  the  specimens’ made’ from  the  hydrogen  gas  reduced  powder  became  larger 
than  that  for  the  conventional  specimens.  As  shown  in  Fig.  2,  it  is 
clearly  seen  that  the  hydrogen  reduced  Ho  specimen  is  superior  in  the 
magnetic  field  dependence  of  critical  current  density. 

Effect  of  Cold-Working  on  Critical  Current:  As  shown  in  Figs.  1  and  2,  the 
current  desnitv  increased  with  decreasing  the  tape  thickness  for  the 
specimens  made  by  cold-rolling  technique.  In  Fig.  3,  the  current  desmty 
for  the  specimens  made  by  both  cold-rolling  and  cold-pressing  techniques. 
The  same  results  have  been  already  reported  from  Sumitomo  Electronics  [2]. 
Clearly  the  current  density'  increases  with  decreasing  thickness  for  both 
o roups  of  experimental  data  obtained  by  different  techniques  of  cold¬ 
working.  The  cold-working  induced  resultantly  a  textured  structure  in  the 
sintered  oxide  lay'er  as  shown  in  Fig.  4.  For  the  tapes  with  the  higher 
degree  of  cold-  working,  the  number  of  voids  among  grains  was  observed  to 
decrease,  suggesting  the  higher  densif ication  of  the  sintered  body'.  Fig.  5 
shows  a’  typical  result  of  (003)  pole  figure  for  the  specimen  made  by 
cold-rolling.  Two  intensity  maxima  appear  at  symmetrical  positions 
indicating  that  the  c-axis  inclines  in  average  by  about  30  degree  from  the 
surface  normal.  Fig.  5(b)  shows  the  pole  figure  for  the  specimen  made  by 
pressing.  The  intensity'  profile  is  similar  with  the  former  one,  but  is 
concentrated  much  more  in  the  centered  region,  indicating  that  the  c-axis 
tends  to  become  more  parallel  to  the  surface  normal. 

Comparing  with  the  results  for  the  epitaxially  grown  thin  films  [1], 
the  transport  critical  current  densities  are  very  limited  for  the 
polyxrvstalline  tape  specimens.  This  might  be  attributed  to  weak  links 
associated  with  the  grain  boundaries  [5] .  The  direct  mechanism  explaining 
the  increase  of  critical  current  by  the  texturing  has  not  been  yet  made 
clear.  Dimos  et  al  [5]  reported  that  even  only  minor  misorientations  of 
neighbouring  grains  sharing  a  parallel  c-axis  produces  a  drastically 
reduced  intergrain  critical  current  density.  Furthermore  it  is  suggested 
that  Josephson  barrier  at  the  grain  boundary  contacting  with  each  a-b  plane 
is  very  weak  and  resultantly'  the  critical  current  density  becomes  very 
small.  From  such  an  argument,  it  is  possible  to  explain  the  big  change  of 
critical  current  density  depending  on  the  different  cold-working  technique. 
Conclusively,  the  increase  of  critical  current  density  with  increasing 
degree  of  cold  working  might  be  attributed  to  the  formation  of  {001} 
alignment  of  grains  parallel  to  the  tape  surface. 
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ABSTRACT 

Ag-sheathed  high  Tc  superconducting  tapes  were  fabricated  by  a 
drawing-rolling  method,  using  YBa;CUiOx  (YBCO),  Tl7Ba?Ca?Cu^OY 
( TBCCO )  and  Tl,  ( Ba0.a,  Sr0.?  bCa,Cu,Oy  (TBSCCO).  The  critical 
current  density  Jc  reached  3300  A/cm7  and  104  A/ cm7  at  77  K  in  the 
YBCO  and  TBSCCO  tape,  respectively.  A  series  of  SEM  observation  and 
neutron  diffraction  analysis  revealed  that  crystallite  alignment 
was  enhanced  through  the  cold  rolling  process  and  the  subsequent 
heat  treatment. 


INTRODUCTION 

Since  the  discovery  of  high  Tc  oxide  superconductors,  a  number  of 
studies  have  been  made  on  the  preparation  of  wires  by  podwer 
methods.  The  Jc's  of  the  superconducting  wires  reported  so  far  are, 
however, in  the  order  of  10’  A/cm7  at  77K  in  the  absence  of  external 
magnetic  field.  For  the  power  applications,  it  is  prerequisite  to 
develop  a  superconducting  wire  with  Jc  above  104  A/cm7  in  the 
presence  of  magnetic  field.  The  authors  have  developed  Ag-sheathed 
superconducting  tape  by  a  drawing-rolling  method’41.  In  this 
paper,  the  Jc!s  of  the  superconducting  tape  are  discussed  in 
relation  to  the  microstructure  of  superconducting  crystallites. 


EXPERIMENTAL 

Ag-sheathed  superconducting  tapes  were  fabricated  by  the 
drawing-rolling  method  shown  in  Fig.l,  using  YBCO  (Tc,m,mj  =  90  K)  , 

TBCCO ( Tc , -mi-  118  K)  and  TBSCCO  (Tc, . i=115  K)  powders.  The  Tc,,„.i 

values  in  the  parentheses  were  resistively  measured,  using  a 
respective  pellet.  The  YBCO  powder  was  prepared  from  Y20,,  BaCOj 
and  CuO  with  the  purity  of  99.9  %.  The  TBCCO  and  TBSCCO  powders 
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were  prepared  from  T1,0,,  BaCOs,  SrCO,  (used  only  for  TBSCCO), 
CaCOi  and  CuO.  It  has  been  found  that  Tl-Sr-Ca-Cu-0  system  gives 
superconductor  with  Tc  100  K51,  and  the  TBSCCO  has  a  higher 
superconducting  volume  fraction  than  the  TBCCO.  The  Jc  of  the 
superconducting  tape  was  resistively  measured  in  the  absence  and 
presence  of  external  magnetic  field  up  to  9T.  The  criterion  for  the 
was  1  JtV / cm.  The  microstructure  of  the  superconducting  core  was 
examined  by  SEM  observation  and  neutron  diffraction  analysis. 


RESULTS  AND  DISCUSSION 


Jc 1 s  of  Ag-sheathed  superconducting  tapes 

Figure  2  shows  the  Jc’s  of  Ag-sheathed  superconducting  tapes  in 
relation  to  their  thickness,  measured  at  77  K  in  the  absence  of 
external  magnetic  field.  The  heat  treatment  condition  was  910  cC-2h 
for  the  YBCO  tape  and  845  sC-2h  for  the  TBSCCO  tape  in  a  flowing 
oxygen  atmosphere.  It  is  clearly  observed  that  the  Jc  incieases 
with  decreasing  the  tape  thickness  and  the  Jc  of  the  TBSCCO  tape  is 
much  higher  than  that  of  the  YBCO  tape.  The  difference  in  Jc  was 
probably  caused  by  the  difference  in  Tc  between  the  YBCO  and  1BSCCO 
powder.  The  Jc  has  reached  3300  A/cm7  and  104  A/ cm7  in  the  YBCO” 
and  TBSCCO  tape,  respectively. 


Heat  treatment  on  Tl-based  superconducting  tape 

Thallium  oxide  has'  a  relatively  high  vapor  pressure  in  the 
temperature  range  of  calcination  so  that  the  high  Tc  phase  of 
Thallium-based  superconductor  may  be  transformed  into  another 
phases  during  the  heat  treatment  .  Figure  3  shows  the  effect  of  the 
heat  treatment  condition  on  the  Jc  of  the  TBCCO  tapes71.  The 
optimum  heat  treatment  should  be  conducted  in  a  tempeiatuie  lange 
between  845CC  and  860‘C  for  about  2h.  An  EDX  analysis  revealed  that 
the  atomic  ratio  of  Tl:Ba:Ca:Cu  was  approximately  2:2:2:3  in  the 
superconducting  core  of  the  tape  heat  treated  under  these 
conditions. 


SEM  images  of  supersbnducting  core 

Figure  4  shows  the  SEM  images  of  the  YBCO  core  surface  contact 
with  the  Ag-sheath  of  the  tape  with  the  thickness  of  0.06  mm”. 
Figure  4(a)  shows  plate-shaped  grains.  Figure  4(b)  shows 
alternating  bright  and  dark  bands  due  to  the  twin  lamellae .  The 
bands  penetrate  through  grain  boundaries.  These  observation 
suggests  that  the  YBC.0  grains  have  been  partially  aligned  in  the 
Ag-sheathed  tape. 
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Crystallite  alignment  in  'Ag-sheathed  tape 

It  was  confirmed*’  through  the  neutron  diffraction  analysis  that 
the  YBCO  crystallites  were  partialy  aligned  in  the  YBCO  tape  with 
the  thickness  of  0.1mm4’.  Figure  5  shows  the  crystallite  alignment 
of  the  YBCO  crystals  in  the  Ag-sheatned  tapes  with  various 
thickness.  The  Std.  Dev.  means  the  standard  deviation  of  the 
intensity  distribution  of  the  diffracted  neutron  from  the  (001) 
plane  of  the  YBCO  crystallite  in  the  crystal  rotation  method.  The 
a-b  planes  of  YBCO  crystallite  are  aligned  along  the  rolling 
surface  within  the  angle  designated  as  the  Std.  Dev.  with  the 
probability  of  68  %.  According  to  Fig. 5,  the  YBCO  crystallites 

exhibit  a  considerable  alignment  even  under  the  as  rolled  condition 
and  the  crystallite  alignment  is  enhanced  by  the  subsequent  heat 
treatment.  The  effect  is  more  pronounced  as  the  tape  thickness 
becomes  thin.  It  is  suggested  that  the  Jc  of  the  Ag-sheathed  tape 
increases  through  the  enhanced  crystallite  alignment. 


Jc  in  magnetic  field 

Figure  6  shows  the  Jc  in  external  magnetic'  field  on  the  TBCCO 
(0.07mm  thick)  and  YBCO  (0.10mm  thick)  tapes21.  Both  Jc' s  decrease 
sharply  even  in  the  low  magnetic  field  below  0.1  T.  The  Jc  of  the 
TBCCO  tape  is,  however,  improved  markedly  in  comparison  with  the 
YBCO  tape.  As  shown  in  Fig. 6(b),  the  Jc  is  about  103  A/cm2  at  20  K 
in  the  external  magnetic  field  of  9  T. 


CONCLUSIONS 

(1)  The  Jc  of  the  Ag-sheathed  TSBCCO  tape  reached  10‘A/cm2  at  77K. 

(2)  The  YBCO  crystallites  in  the  Ag-sheathed  tape  exhibit  a 
considerable  alignment  under  the  as  rolled  condition  and  the 
crystallite  alignment  is  enhanced  by  the  subsequent  heat 
treatment. 

(3)  The  Jc  of  the  Ag-sheathed  tape  decreases  sharply  in  the 
presence  of  external  magnetic  field. 
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CRITICAL  CURRENT  DENSITY  OF  Bi (Pb )-Sr-Ca-Cu-0  TAPE 
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ABSTRACT 

Flexible  tape  conductors  of  high-T  Bi (Pb )— Sr-Ca— Cu-0  were  prepared  by 
doctor  blading  and  Ag-sheathing  techniques.  The  tapes  have  a  highly 
oriented  grain  structure,  which  can  result  in  a  improvement  in  electrical 
coupling  between  grains,  and  hence  improved  transport  characteristics. 


INTRODUCTION 

Discovery  of  superconductivity  in  Bi-Sr-Ca-Cu-0  superconductor  with 
transition  temperatures,  T  ,  above  100K,  has  brought  about  a  new  phase  in 
the  research  of  high-T  oxide  superconductors ( 1 ) .  However,  the  transport 
critical  current  density  J  for  this  Bi-based  compound  prepared  by  the 
conventional  sintering  method  still  remains  very  low  compared  to  the  level 
of  practical  application.  In  particular,  the  drastically  decreases  with 
increasing  the  applied  magnetic  field  as  in  the  case  of  Y-Ba-Cu-0  compound, 
probably  due  to  the  weakness  of  the  coupling  between  adjacent  grains. 

In  this  paper,  we  present  a  result  in  which  a  significant  improvement 
in  transport  J  has  been  achieved  in  the  Pb-doped  Bi-Sr-Ca-Cu-0  tapes 
prepared  by  the  powder  techniques  of  doctor  blading  (2)  and  Ag-sheathing 
(3). 


EXPERIMENTAL 

The  appropriate  amounts  of  Bi^O^,  Pb^O,  ,  SrCO^,  CaCO^  and  CuO  powders 
were  mixed,  calcined  and  heat  treated  at  o4o°C  for  120h  to  form  high-T^ 
phase  of  the  Bi-Sr-Ca-Cu-0  system.  This  was  milled  into  a  fine  powder  for 
subsequent  processing.  Organic  formulation  consisting  of  solvent,  binder 
and  dispersant  was  then  added  and  again  milled  together.  The  resulting 
slurry  was  cast  under  a  doctor  blade  into  a  green  tape  of  50-150  ^pm 
thickness  on  the  carrier  sheet.  Ribbon  samples,  typically  3mm  in  width  and 
100mm  in  length,  were  cut  from  the  tape  and  heat  treated  at  500  C  for  lh. 
The  ribbon  was  then  sandwiched  between  stainless  steel  sheets  and  cold 
rolled  together.  A  small  reduction  of  total  cross  sectional  area  results 
in  an  effective  densif ication  of  the  oxide  ribbon.'  The  ribbon  was  then 
subjected  to  a  final  heat  treatment  of  sintering. 

Tape  conductors  have  also  been  prepared  by  conventional  fabrication 
methods  of  powder  using  Ag-sheath.  The  oxide  powder  of  Bi(Pb)-Sr-Ca-Cu-0 
was  prepared  by  mixing  the  appropriate  amounts  of  reagents  and  calcination 
at  800 "C  for  12h.  The  powder  was  then  packed  into  a  Ag-tube  and  cold 
worked  to  a  tape  of  0.5mm  in  thickness  by  swaging  and  rolling.  The  tape 

was  then  cut  Into  3cm  length  and  the  short  samples  were  then  subjected  to 
the  combination  process  of  sintering  and  intermediate  cold  rolling. 
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BSE  image  of  the  longitudinal 
cross-section  at  the  center 
of  the  Ag-sheathed  tape 
prepared  by  adding  intermediate 
cold  rolling  during  sintering 
process.  H,  F  and  R  denote 
the  High-Tc  phase,  Bi-free 
phase  and  Bi— rich  phase, 
respectively 


RESULTS  AND  DISCUSSION 

Both  of  the  doctor  blade  processed  (DBP)  and  Ag-sheathed _ tapes  have  a 
highly  oriented  grain  structure,  which  is  caused  by  the  addition  o 
intermediate  cold  rolling  process.  Figure  1  shows  the  back-scattere 
electron  image  of  the  longitudinal  cross  section  at  the  center  of  the 
Ag-sheathed  tape,  showing  that  the  high-Tc  plate-like  grains  are  aligned  m 
parallel  direction  to  the  tape  surrace,  i.e.,  c  axis  alignme 
perpendicular  to  the  surface.  The  addition  of  rolling  also  greatly 
improves  the  packing  density  and  flexibility  especially  for  the  DBP  tape 

The  DBP-tape  after  the  final  sintering  can  be  bent  e  astiaa  the^DBP-tape 
diameter  of  about  30mm  without  any  breakage.  Figure  2  shows  the  DBP  t  p 

bent  on  a  38mm— diameter  boobin . 


Fig.  2 

DBP  tape  bent  on  a 
38mm-d iameter  bobbin. 


The  inclusion  of  the  intermediate  rolling  process  was  also  found  to 
greatly  improve  the  superconducting  properties  of  the  tape.  Figure  3 
shows  the  J  of  the  Ag-sheathed  tape.  The  tape  was  initially  sintered  at 
835°C  for  86h  and  then  subjected  to  the  combination  process  of  sintering  at 
835° C  and  cold  rolling,  and  the  Jc  is  plotted  as  a  function  of  total 
sintering  time.  The  highest  J  is  3050A/cm  .  Similar  improvement  of  J 
was  also  obtained  for  the  DBP-tape.  The  DBP-tape2processed  without  rolling 
has  a  T  of  97K  and  a  poor  J  of  less  than  lQA/cm  at  77K  and  OT.  However, 
by  the  addition  of  the  rolling  process,  T  above  100K  and  in  excess  of 
lOOOA/cm  were  easily  obtained.  The  highest  J  obtained  so  far  is 
1850A/cm  . 

Figure  4  shows  the  J  of  the  DBP-tape  as  a  function  of  magnetic  field. 

J  -H  curves  of  a  bulk  sample  prepared  by  the  conventionl  sintering  are  also 
sfiown  in  the  figure.  J  of  the  tape  is  much  larger  than  that  of  the 
sintered  bulk  sample  atCentire  magnetic  fields.  Especially,  degradation 
with  increasing  magnetic  field  is  significantly  decreased  for  the  tape. 

This  improved  J  property  in  magnetic  fields  suggests  that  the  coupling  of 
grains  along  the  current  direction  is  improved  in  the  tape.  Both  of  the 
tape  and  bulk  samples  show  hysteresis  in  the  Jc*-H  curve  as  shown  in  Fig.  4. 
Similar  hysteresis  was  also  reported  for  sintered  Y-Ba-Cu-0(4) .  It  is 
considered  that  the  hysteresis  is  attributed  to  the  grain  boundaries  having 
weak  coupling  nature  which  was  affected  by  the  local  magnetic  field  induced 
by  the  large  shielding  current. 

This  improvement  in  coupling  nature  was  also  confirmed  by  the  A.C. 
susceptibility  measurement (5).  Both  the  tape  and  bulk  samples  showed  a 
two  step  transition  in  x'vs.  temperature  curve  in  large  A.C.  field 
amplitude  ,  higher  and  lower  temperature  transitions  corresponding  to  the 
intragrain  and  intergrain  superconductivities,  respectively. 

However,  the  curve  for  the  tape  shows  a  strong  dependence  on  the  field 
direction,  i.e.,  the  lower  temperature  transition  is  much  smaller  in  the 
field  perpendicular  to  the  tape  surface,  while  it  becomes  much  larger  in  the 
parallel  field  compared  to  those  of  the  bulk  sample.  This  result  indicates 
that  the  intergrain  coupling  along  the  tape  direction  is  improved  in  the 

tape . 


Fig.  3 

Jc  of  the  Ag-sheathed  tape 
as  a  function  of  the  total 
sintering  time. 

S ( t )  denotes  the  sintering 
and  its  time,  and  R  denotes 
the  rolling  process. 
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Fig.  4 

Jc  versus  H  curves  for 
DBP-tape.  The  results 
for  bulk  sample  prepared 
by  conventional 
sintering  process  are 
shown  for  comparison. 


CONCLUSIONS 

Highly  oriented  grain  structure  in  which  the  grains  are  aligned  in 
such  a  way  to  maximize  the  intergrain  electronic  coupling  has  been  obtained 
for  the  Bi (Pb)-Sr-Ca-Cu-O  tapes  prepared  by  the  modified  doctor  blading  and 
Ag-sheathing  techniques.  This  structure  results  in  a  significantly 
improved  transport  J  -H  characterisistics  for  the  tape.  The  tape 
processed  by  the  modified  doctor  blading  shows  a  sufficient  flexibility 
to  be  bent  into  a  small  diameter  of  about  30mm. 


ACKNOWLEDGEMENTS 

The  author  is  very,  grateful  for  the  cooperation  of  Drs.  H.Kumakura 
and  D.R.Dietderich  of  National  Research  Institute  for  Metals, 

Mr.  A. Yanagisawa  (Asahi  Glass  Co.)  and  Mr.  M. Mimura (Furukawa  Elec.  Co) 
to  do  this  work. 


REFERENCES 

1.  H.Maeda,  Y. Tanaka,  M.Fukutomi  and  T.Asano,  Jpn.  J.  Appl.  Phys., 

27,  L209( 1988 ) . 

2.  K.Togano,  H.Kumakura,  H.Maeda,  E. Yanagisawa ,  N.Irisawa,  J.Shimoyama 
and  T.Morimoto,  Jpn.  J.  Appl.  Phys,  28,  L278(1989). 

3.  M. Mimura,  H.Kumakura,  K.Togano  and  H.Maeda,  submitted  to  Appl.  Phys. 

Xj0  t  t  • 

4.  K.Noto ,  H.Morita ,  K.Watanabe,  T. Murakami,  Y.Koyanagi,  I.Yoshii,  I.Sato, 
H. Sugawara ,  N.Kobayashi,  H. Fujimori  and  Y.Muto,  Physica  148B,  239(1987; 

5.  H.Kumakura,  K.Togano,  H.Maeda,  E. Yanagisawa  and  T.Morimoto, 
to  appear  in  Jpn.  J.  Appl.  Phys. 


80 


Bi PbSrCaCuO  SUFERCONDUCIING  WIRES  WITH  HIGH  CRITICAL  CURRENT  DENSITY 
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ABSTRACT 

Through  the  solid  reaction  aethods,  silver  sheathed  BiPbSrCaCuO  superconducting 
wires  were  fabricated.  The  aaxiaun  transport  current  density  was  10,600  A/ ci#  at 
77. 3K  in  a  zero  aagnetic  field.  These  wires  had  critical  teaperature  :  Tc  (R=0) 
=104K.  The  aagnetic  field  dependence  of  Jc  (0.1//v/cm  criterion)  was  suaaarized 
as  follows  for  the  saaple  of  Jc=10.600  A /of  in  a  zero  aagnetic  field:  2,850  k/d 
(H_L  I ,  Hllc-plane,  0.  IT),  1,220  k/d  (H_L  I .  H±c-plane,  0.1T).  The  low-Jc  saaple 
has  a  two-step  decrease  in  Jc  versus  H,  while  the  high-Jc  saaple  has  only  a  one- 
step  decrease  in  the  higher  aagnetic  field.  The  rapid  decrease  of  Jc  in  a  relative¬ 
ly  low  aagnetic  field,  i.e,  100  gauss,  of  the  low-Jc  saaple  was  caused  by  the  weak 
link,  confiraed  by  investigating  the  history  effects  of  Jc  during  the  increase  and 
decrease  of  the  aagnetic  field.  XRD  analysis  shows  the  series  of  (OOi)  peaks  of 

the  high-Tc  phase  (110K)  with  the  characteristic  (002)  peak  at  20=4.7*  .  The 

grains  in  the  110K  phase  were  found  to  be  oriented  with  the  c-axis  perpendicular  to 
the  wide  plane  of  the  taped  superconducting  wire.  It  was  observed  that  the  non¬ 
superconducting  phase,  Ca2Pb04.  reaained.  SEM  photographs  of  the  fracture  surface 
show  that  the  high-Jc  saaple  had  grain  boundaries  coaposed  of  the  grains  aligned  in 
the  saae  orientation  in  the  c-planes,  bonded  strongly  in  the  direction  of  alignaent. 


INTRODUCTION 

One  of  the  aost  convenient  aethods  for  producing  high-Tc  oxide  superconducting 
wires  is  a  aetal  sheathing  aethod  eaploying  powder  in  tube,  which  was  fabricated  by 
various  aetal  working  processes,  such  as  drawing,  swaging,  rolling  and  pressing. 
These  wires  are  required  to  transport  high  superconducting  currents  in  a  high 
Magnetic  field  for  application  to  transforaers.  power  cables,  MRI  aagnets  and  other 
various  superconducting  aagnets. 

Since  a  new  oxide  superconductor,  Bi-Sr-Ca-Cu-0  systea  with  a  high-Tc  phase 
(110K)  and  low-Tc  phase  (80K)  was  reported  by  Maeda  et  al.,t13  there  have  been  aany 
related  investigations.  It  was  reported  that  substituting  a  part  of  Bi  for  Pb 
produced  a  stable  high-Tc  phase. 123  Bi-Pb-Sr-Ca-Cu-0  with  a  high-Tc  phase  is 
expected  to  have  a  higher  Jc  because  of  a  larger  Margin  between  its  Tc  and  the 
liquid  nitrogen  teaperature  (77.3K).  To  obtain  a  higher  Jc  wire,  it  is  iaportant 
to  align  the  superconducting  grains  and  strengthen  the  contact  at  the  grain 
boundaries,  adding  hoaogenization  of  the  high-Tc  phase.'33 


EXPERIMENTAL 
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Appropriate  amounts  of  Bi203,  PbO,  SrC03,  CaC03  and  CuO  powders  with  3  to  4  N 
purity  were  mixed  into  the  composit ion  (Bi :Pb:Sr :Ca:Cu:=l .6:0. 4:2:2:3)  basically, 
calcined  and  sintered  from  750°C  to  870°C  for  8  to  200h  in  air,  and  then  ground 
into  powder.  The  powder  was  put  into  silver  tubes.  The  composites  were  swaged 
and  drawn,  and  then  fabricated  into  wires  by  rolling  or  pressing.  The  wires  were 

sintered  from  800°C  to  870°C  for  8-800h  in  air.  The  thickness  of  the  wires 
ranged  from  0. 1mm  to  0.4mm. 

The  measurements  of  critical  transport  current  and  critical  temperature  were 
carried  out  by  the  4-phobe  dc  method.  The  magnetic  field  was  applied  perpendicular¬ 
ly  to  a  transport  current  up  to  2.5T.  The  criterion  for  Jc  determination  was 
defined  as  1/zV/cm  in  a  zero  magnetic  field  and  0.1  //V/cm  in  a  magnetic  field. 
X-ray  diffraction  analysis  using  Cu-Ka  radiation  was  performed  on  the  wide 
surface  of  each  oxide  superconducting  specimen  after  the  Ag-sheath  was  stripped. 

The  fracture  surface  of  each  specimen  was  observed  by  SEM. 


RESULTS  AND  DISCUSSION 


The  wires  had  a  critical  temperature  Tc  with  zero  resistivity  of  about  104  K  when 
sintered  for  over  50  hours  at  845°C.  Figure  1  shows  the  X-ray  diffraction  pattern 
for  the  specimen  with  Jc  of  10,600  A/cm2.  The  series  of  peaks  of  the  high-Tc  phase 
( 1 10K)  with  the  characteristic  (002)  peak  at  20=4.7°  was  observed,  while  the  low  Tc 
phases  (80K,  7K)with  the  characteristic  (002)  peaks,  20=5.7°  ,7.2°  ,  could  not  be 
observed.  Therefore  the  only  superconducting  phase  of  this  specimen  was  the  110K 
phase.  However,  it  was  observed  that  the  non-superconduct ing  phase,  Ca2Pb04, 
remained.  The  grains  in  the  110K  phase  were  found  to  be  oriented  with  the  c-axis 
perpendicular  to  the  wide  plane  of  the  wire  specimen. 

Figure  2  shows  the  Jc  versus  cross  sectional  area  of  the  wire  including  silver 
sheath.  From  this  figure,  it  can  be  seen  that  BiPbSrCaCuO  wires  have  high  Jr 
properties  at  large  dimensions. 
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Fig.  1.  X-ray  diffraction  pattern  for  the 
wide  surface  of  BiPbSrCaCuO  specimen  with 
10,600  A/cm2  after  stripping  of  the  Ag-  fig.  2. 
sheath.  wires. 
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Figure  3  shows  the  aagnetic  field  dependencies  of  Jc  for  specinen  A  (10,600 
A/ca2),  B  (1,650  A/ca2).  The  thickness  of  speciaen  A  was  0.12aa,  and  that  of 
speciaen  B  was  0.2  aa.  The  aagnetic  field  was  applied  in  two  diaensions:  perpen¬ 
dicular  and  parallel  to  the  wide  plane  of  the  wire  speciaens. 

The  aagnetic  field  dependence  of  these  speciaens  had  anisotropy  for  the  applied 
direction  of  aagnetic  field.  The  Jc  in  the  aagnetic  field  was  iaproved  greatly 
when  Jc  was  increased  in  a  zero  field,  but  the  decrease  at  the  higher  aagnetic  field 
reaained.  Figure  3  shows  that  speciaen  B  has  a  two-step  decrease  in  Jc  versus  H, 
while  speciaen  A  has  only  a  one-step  decrease  in  the  higher  aagnetic  field.  The 
reason  was  revealed  in  an  observation  of  SEM  photographs  of  the  fracture  surface  of 
speciaen  A  and  B  in  Fig.  4.  It  was  found  that  speciaen  B  had  grain  boundaries 
coaposed  of  grains  with  a  difference  in  crystal  orientation,  as  shown  in  Fig. 4(b) . 
while  speciaen  A  had  grain  boundaries  coaposed  of  the  grains'  aligned  in  the  saae 
orientation  in  the  c-planes,  as  shown  in  Fig.  4(a).  Therefore,  it  was  considered 
that  the  superconducting  current  in  speciaen  A  Bust  flow  through  the  grain 


Fig.  3.  Magnetic  field  dependence  of 
critical  current  density  of  speciaen  A 
(10,600A/ca2)  and  B  (1,650  A/ca2)  during 
increase  in  the  aagnetic  field.  Lines 
are  drawn  as  a  guide  for  the  eye. 
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Fig.  4.  Fracture  surface  of  BiPbSrCaCuO  oxide  superconductor  inside  a  Ag-sheathed 
taped  wire,  a)  speciaen  A.  b)  speciaen  B. 
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Fi_  8  The  history  of  Jc  during  the  increase  and  decrease  of  H  for  specinen  A  and 
b'  ,)  H  palanel  io  .ide  Plane  of  the  speclaens.  b)  H  perpendicular  to  „de 
plane  of  the  specinens.  Solid  circles  and  triangles  represent  Jc  during  an 
increase  in  the  nagnetic  field:  open  circles  and  triangles  represent  Jc  during 

decrease  in  the  field. 


boundaries  securely  along  the  aligned  c-planes.  The  bonds  never  weaken  in  a  low 
nagnetic  field.  Figure  5  shows  the  history  effect  of  Jc  during  the  increase  and 
decrease  of  the  nagnetic  field.  The  hysteresis  appeared  at  a  low  nagnetic  field 
below  0. IT  and  showed  anisotropy  for  the  nagnetic  field  direction.  The  hysteresis 
of  specinen  A  was  snail,  while  specinen  B  had  large  hysteresis.  Therefore,  the 
hysteresis  nust  be  caused  nainly  by  the  weak  link  shown  in  Fig.  4(b). 

In  sunnary,  we  developed  Ag-sheathed  Bi-Pb-Sr-Ca-Cu-0  superconducting  wires  with 
high  current  capacities  by  solid  reaction  nethod.  The  naxinun  Jc  was  10,600  A/cn  . 
The  Jc  in  0.1  T  was  2,850  A/cn2  when  the  nagnetic  field  was  parallel  to  the  wide 
plane  of  the  taped  wire,  and  1,220  A/cn2  when  it  was  perpendicular  to  it.  The  reason 
for  these  inprovenents  were  honogenizat ion  of  the  high-Tc  phase  (110K),  preferred 
al ignnent  of  the  superconducting  grains,  and  good  contact  at  the  grain  boundaries. 
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